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Live imaging plays a key role in the study of biological processes ranging from the sub-
cellular to organism scale, and all the scales between. This requires the development and use of 
ever evolving innovative microscopies. 
The thesis project presented in the following pages describes the further development 
and use of light-sheet based fluorescence microscopy (LSFM) designed and optimised for 
imaging the early stages of development of chick embryos. The hardware and software of this 
microscope were optimised for improvements in performance in data acquisition speed, 
allowing the complete live 3D sectioning of 4 mm large chick embryos in 2-3 minutes time 
intervals for periods of up to 20 hours whilst maintaining high spatial resolution. This improved 
imaging of almost the complete embryo allows the visualisation of the largescale epiblast and 
hypoblast tissue flows that occur during gastrulation, while providing enough spatial and 
temporal resolution to be able to detect the detailed behaviours of up to 400 000 cells. 
Furthermore, the microscope was enhanced to be able to measure at least two fluorophores 
simultaneously by incorporation of an Optosplit spectral image splitter. This allowed the 
analysis of two fluorophores in the sample, showing for instance the action and role of two 
specific proteins or a specific protein and a labelled structure such as the cell membrane, 
simultaneously.  
Further changes on the microscope were implemented in the camera operation 
included the use of confocal line detection, which greatly reduced background signals and 
increased image contrast. This improvement allowed the detection of membranous vesicles at 
the apical side of the epiblast in the space between the embryo and the vitelline membrane. 
These vesicles were especially prominent in the region where the mesendoderm precursor cells 




suggesting that the vesicles were released from the apical side of the cells. This led to the 
hypothesis that when the cells ingress into a future mesendoderm they release these vesicles 
by an apical abscission process. It remains to be determined whether this is necessary for 
ingression and what the precise role of these vesicles in the ingression process is. Some of 
these questions could be resolved with deeper imaging inside the embryo, allowing the 
ingression process and migration of cells inside the embryo to be followed in more detail. 
Therefore, efforts were made to improve the imaging resolution deeper in the tissue.   
The Gaussian light-sheet focus images the first 1-2 cells layers from the embryo’s 
surface with acceptable contrast and resolution. Both focus range and penetration depth can, 
in principle, be increased through beam shaping techniques. Hence, a Bessel beam light-sheet 
was generated to investigate if it would result in improved penetration depth. The Gaussian 
beam was modulated into a Bessel beam using a spatial light modulator and the Bessel light-
sheet illumination was combined with the confocal line detection mode of the camera. The 
images acquired were then deconvolved, greatly enhancing image sharpness, although at the 
cost of a considerably increased image processing time. Embryo surface cellular segmentation 
analysis showed that the deconvolved Bessel confocal and the Gaussian confocal images were 
the best illumination modes for Bessel and Gaussian light-sheets, respectively. Overall, embryo 
surface cellular segmentation was found to be better performed in Gaussian confocal images, 
showing less segmentation errors when compared to any of the Bessel beam illumination 
modes or to the Gaussian illumination without confocal line detection mode. However, the 
image quality deeper into the tissue was not significantly improved with any of the Bessel 
illumination modes. The main advantage was an extended focus that allows better imaging of 
curved tissue surfaces that dominate later embryonic development when the embryo starts to 




2-photon Gaussian light-sheet illumination readily improved image sharpness at a 
slightly increased penetration depth. In the case of 2-photon Gaussian light-sheet illumination 
the main concern is caused by the high photo-damage that results in the physical degradation 
and death of the embryos in less than 3 hours of live imaging.  
Finally, a new microscope was built to investigate whether redundant information 
provided by combined dual illumination and dual detection light-sheet microscopy can improve 
image contrast and provide better structural information of the chick embryo. The expectation 
is that dual illumination will not compromise the sample structure, instead it will optimise the 
3D data information and posterior reconstruction, thus minimising the illumination degradation 
in depth. The microscope has been designed and its construction and validation have started. 
First proof of principle, chick embryo images have been acquired which highlight the 
requirement for a meticulous alignment of the microscope optical set-up. Continued work with 
this microscope is necessary, to reach its optimal operational state.  




1.  Introduction 
Gastrulation is a key event in embryonic development of most animals. 
Gastrulation results in the genesis and spatial arrangement of the three germ layers: 
ectoderm, giving rise to the skin and nervous system; mesoderm, giving rise to the 
muscles and skeleton; and endoderm, giving rise to the epithelia lining, the digestive 
tract and contributing to associated glands. In mammals, reptiles and birds, 
gastrulation is triggered by the formation of the primitive streak, a furrow located in 
the middle of the epiblast in the early embryo, which is the site of ingression of the 
mesendoderm precursors. Subsequently, future endoderm and mesoderm cells move 
towards the streak, where they undergo an epithelial to mesenchymal transition 
(EMT)1 and migrate away to form specific mesodermal and endodermal structures. 
These cell and tissue movements in the embryo are orchestrated by chemical and 
mechanical cellular signals1–3. Gastrulation is a key developmental process and 
perturbation of gastrulation will generally cause grave and detrimental consequences, 
compromising the embryo’s development. However, the key mechanisms that control 
and integrate the cell and tissue movements during gastrulation are still poorly 
understood. The model system used is the chick embryo, which displays strong 
similarities to human embryos in its early development, especially gastrulation.  
To study the embryonic cell-cell chemical and mechanical signalling, live images 
of the gastrulation process in chick embryos were collected for tens of hours. Light-
Sheet based Fluorescence Microscopy (LSFM) was used to characterise and monitor all 
relevant cell behaviours in chick embryo development for prolonged periods of time in 
a quantitative manner, whilst maintaining the best resolution and lowest photo-




demanding quest for improving LSFM images contrast and sharpness and to increase 
the microscope’s penetration depth and depth of focus. These microscope 
improvements are quite challenging considering the chick embryo’s low transparency, 
millimetric size, thickness and structural complexity. The work developed during the 
project led to the implementation of different light-sheet microscope set-up 
configurations, aimed especially on improving the image contrast, microscope depth of 
focus and penetration depth. These improvements allow to understand the 
mechanism of gastrulation on chick embryos looking at the 3D tissue dynamics, with 
focus to cell-cell behaviour. 
The following chapters describe the worked performed during this PhD project. 
Chapter two describes the inherited microscope and the methods used during this 
project. Chapter three describes the new version of the microscope built four months 
after the beginning of this PhD project. This microscope increased acquisition speed, 
the sample dual scan imaging implementation and dual colour imaging with only one 
camera. Chapter four describes the implementation of camera confocal line detection 
mode into the DSLM microscope to improve image contrast obtained by minimising 
the contribution of scattered light. The fifth chapter is dedicated to the modulation of 
the Gaussian beam into a Bessel beam to improve the microscope imaging penetration 
depth and extend the focal depth, as well as the implementation of 2-photon 
excitation to increase penetration depth with enhanced image contrast. The fifth 
chapter resulted from a collaboration with Sascha Reidt, another PhD student from the 
University of Dundee, who contributed his knowledge of modulating Gaussian beams 
into Bessel beams and his development of the Deconvolution code. For the 2-photon 
excitation implementation into the DSLM microscope Sascha contributed, equally, on 




embryo. The sixth chapter explores the capabilities of a dual illumination and detection 
DSLM microscope, built and designed to image the chick embryo. The project’s final 
remarks and conclusions are given in the seventh chapter. The appendix provides extra 
descriptions and information about the DSLM microscope software and Bessel beam 
formed with an SLM. 
1.1.   Chick embryo - gastrulation 
The chick embryo as a model system has advantages including being readily 
accessible, since the embryo develops outside the mother environment. Furthermore, 
the embryos can be removed from the egg and cultured in vitro up to three days under 
conditions that are optimised for live imaging.  
After fertilisation the zygote develops on top of the yolk inside the oviduct, and 
before egg laying the embryo undergoes a series of rapid cleavages (Figure 1.1), 
forming around 50,000 cells1. The early embryo is essentially disk shaped and is 
composed of three regions (Figure 1.1): the outer extra-embryonic region, the area 
opaca; the embryonic region, the area pellucida; and a crescent shaped region sitting 
between area opaca and area pellucida in the posterior part of the embryo, the 
posterior marginal zone.  
 
Figure 1.1 Illustration representing embryonic development after fertilisation. A) Inside the oviduct, 
the embryo sits on the top of the yolk inside the egg and the cleavage process starts. B) From the 
cleavage process three regions become evident: area opaca (extra-embryonic tissue), area pellucida 
(embryonic tissue) and the posterior marginal zone (slightly thickened region with small cells). 
Gastrulation begins upon egg laying and the primitive streak starts to form from posterior site towards 




Upon egg laying the embryo is a bi-layered tissue, comprising epiblast and 
hypoblast. The epiblast, or top layer, is made up of a one cell thick layer of epithelial 
cells. The bottom layer is the hypoblast and is formed from the fusion of randomly 
ingressing cells from the early epiblast cells and cells that migrate out from the deeper 
layers of the marginal zone (later giving rise to the endoblast)7. The epiblast and the 
yolk are protected from the egg liquid, namely albumen, by a thin membrane, the 
vitelline membrane8. 
During the primary hypoblast formation there is an extensive cellular 
movement individually and in small clusters from epiblast to hypoblast. These cellular 
movements, depositing the primary hypoblast cells, are characterised by cellular 
polyingression from the epiblast, and cellular migration from the posterior marginal 
zone9. The hypoblast varies in appearance from scattered single cells to a sheet of 
cells. The hypoblast epithelialisation progresses antero-laterally by formation of 
intercellular contacts10. The hypoblast is a transient layer and plays an important role 
during primitive streak formation by secreting essential factors that are involved in the 
control of the primitive streak correct position and orientation during gastrulation11. 
For instance, a 90° angle rotation of the hypoblast relative to the epiblast results in a 
bent streak12. This is thought to occur through Wnt signalling by the secretion of 
specific inhibitors by the hypoblast that inhibit cell fate and behaviour of the cells on 
the overlying epiblast7,11. Hypoblast removal, before streak formation, gives rise to 
ectopic streaks11.  
Gastrulation begins with the formation of the primitive streak (Figure 1.2) from 
mesoderm and endoderm precursors located in the epiblast at the posterior side of 
the embryo’s. The primitive streak defines the organism’s left and right symmetry, as 




Before the primitive streak formation and even before it becomes visible on the 
posterior site of the embryo at Hamburger Hamilton developmental stage 2 (HH213) 
bilateral symmetric spiral shape flows takeover, driving the cellular movements of the 
epiblast which will be followed by the primitive streak formation and elongation 
towards the anterior site of the embryo. These movements are called the “Polonaise” 
pattern14. Some argue that these characteristic movements happening on the epiblast 
during gastrulation are explained by locally based cell-cell interactions, without the 
need for cells to send long distance signals to orchestrate and originate these dynamics 
and tissue movements15.  
 
 
Figure 1.2 Gastrulation in chick embryo, primitive streak formation and epiblast cells ingression. When 
the primitive streak starts to form a cluster of cells is evident on the anterior tip of the streak. During 
gastrulation and primitive streak formation epiblast cells ingress, forming the future mesoderm and 
endoderm cell layers. This image is adapted from Wolpert et al8. 
Primitive streak formation is a bi-phasic process3. The first phase results from 
the contraction of the tissue’s mesodermal precursors in the posterior site of the 




an axial extension of the mesendoderm tissue along the embryo’s posterior-anterior 
axis towards the anterior resulting in the formation of the primitive streak. The cellular 
processes driving these shape changes are apical contractions followed by cellular 
ingression of mesoderm precursors and directed cell-cell intercalations3.  
When the primitive streak starts to form, the epiblast cells close to the streak 
start to move inwards the streak furrow and then the cells undergo an EMT process, 
then forming and laying at the future mesendoderm layers, Figure 1.2. The movement 
of cells from the epiblast towards the embryo deeper layers is denominated by cell 
ingression3,16. It has been observed that the formation of cellular rosettes was an 
important process enabling the ingression of cells inwards the streak furrow towards 
the embryo deeper layers17. The streak elongation is bidirectional and after reaching 
approximately 50% over the epiblast the mesendoderm layers are formed by the cells 
which have undergone EMT and are located inside the embryo deeper layers. Once the 
streak is about 70% extended over the epiblast at the anterior tip of the primitive 
streak a distinct morphological entity with a condensed cluster of cells become visible, 
the Hensen’s node8, the organiser region of the chick embryo. The Hensen’s node 
moves toward the posterior site of the embryo, in a process known as regression and 
as it continues the notochord is formed. Additionally, while the regression goes on the 
embryo development starts from head to tail1.  
 
1.2. Light-sheet based fluorescence microscopy 
In fluorescence microscopy the biological samples are labelled with 




receiving light with a certain wavelength the fluorophore emits light with longer 
wavelength. Fluorophores are targeted to specific structures inside the sample. In this 
PhD project transgenic embryos were used, in which the cell membranes were labelled 
through expression of a membrane targeted GFP3. Embryos were imaged from early 
stages of development, starting within a few hours of development after egg laying, to 
the fully extended streak stage at developmental stage HH4. This required 10 to 15 
hours of live imaging.  At HH4 the primitive streak is completely extended and 
Hensen’s node starts to form. This is then followed by regression of the node, while 
epiblast cells continue to ingress. Currently, few fluorescent imaging techniques are 
available to collect in vivo images which cause low photo-damage to the samples while 
still delivering high spatiotemporal sub-cellular resolution. The microscopy technique 
which is rapidly becoming most prominent in this area is LSFM18,19. 
LSFM is a powerful imaging technique with excellent performance in long term 
live imaging of biological samples, while providing images with sub-cellular resolution 
and high spatiotemporal resolution19–29. This allows the link between tissue dynamics 
on the millimetre scale and cellular dynamics at the micrometre scale. There are also 
differences and advantages associated with using LSFM when compared to other 
existing microscopic techniques. For instance, in conventional microscopy the 
illumination and detection axes are coincident, and in confocal microscopy, due to the 
pinhole in front of the detector, the imaged volume, in focus, is significantly smaller 
than the illuminated volume. This causes photodamage and photobleaching due to 
unnecessary illumination. LSFM, in contrast to conventional microscopy, has 





Figure 1.3 The basic concept of light-sheet microscopy. A) The two orthogonal axes for illumination and 
detection, with their respective objectives. B) The sample is sectioned by the light-sheet and the 
resulting fluorescence is collected by the detection objective. 
In contrast to confocal microscopy, the region imaged by the LSFM corresponds to the 
illuminated volume. The sample is illuminated by a thin slice of light, the light-sheet, 
sectioning the sample. To image all the sample the images are acquired section-by-
section, preserving the health of the sample, thus providing low photodamage and 
photobleaching4,5 as only the fluorophores confined to the illuminated section are 
excited while the others are not illuminated. The low photodamage comes from the 
illumination intensity sent and absorbed by the sample in contrast to confocal 
microscopy, as is illustrated by the intensity plot in Figure 1.4. Therefore, with LSFM, 
the in vivo samples can be imaged for longer periods of time, from tens of hours up to 
days30. LSFM is a high-speed image acquisition technique since the image plane is 
illuminated at once, in comparison to confocal microscopy where the image plane is 
acquired by scanning a single point over the image plane, or spinning-disk confocal 
microscopy with several discrete points imaged at a time progressively covering all the 
image plane26, Figure 1.4. LSFM surpasses confocal microscopy for live imaging, due to 





Figure 1.4 Light-sheet and confocal microscopy section images and Intensity profile plot, measured at 
the image plane (dashed red line). With LSFM, a light-sheet sections the sample forming the section 
image. With confocal microscopy, few illumination beams are sent through the sample to create the 
section image. 
 
1.2.1. Light-sheet resolution and generation  
In LSFM, the lateral resolution is comparable to confocal and widefield 
microscopes4,26,31. The thickness of the light-sheet determines the axial resolution, and 
is mainly dependent on the characteristics of the illumination beam4,26,31. The light-
sheet thickness, resolution and depth of focus are illustrated in Figure 1.5. Additionally, 
measuring the Gaussian beam point spread function (PSF) at the illumination focus 
plane allows the calculation of the Full Width at Half Maximum (FWHM) and 
consequently the illumination beam thickness, Figure 1.5. The microscope resolution is 
maximised when the back aperture of the illumination objective is filled by the beam, 
since the beam waist is minimised. This led to a minimised depth of focus, thus the 
beam spreads rapidly after the focus. If the illumination objective back aperture is not 
filled the axial resolution decreases, by increasing the beam waist. Then the depth of 
focus increases as well, Figure 1.5. Hence, there is always a trade-off between axial 





Figure 1.5 Light-sheet resolution, thickness and depth of focus. λ is the beam wavelength, NADetection 
objective is the numerical aperture of the detection objective and fIllumination objective is the focal distance of 
the illumination objective.  
Nowadays a considerable number of distinct light-sheet based microscope set-
ups are available for a broad range of biological samples32–36. With prominent results in 
live imaging of: chick embryo primitive streak formation3; C. Elegans embryonic and 
neuronal development30; Drosophila embryogenesis and heart tubes31,32; Zebrafish 
beating heart and embryonic development40,41; and mouse brain activity39.  In LSFM 
two modes are used to generate the light-sheet. In Single or Selective Plane 
Illumination Microscopy (SPIM)42 the light-sheet is generated by a cylindrical lens. In 
Digital Scanned laser Light-sheet Microscopy (DSLM) the light-sheet is generated by 
scanning a laser beam40.  The advantage of having a DSLM light-sheet instead of a SPIM 
light-sheet is that a DSLM light-sheet is dynamic and incoherent4,5. Using XY galvo-
mirrors to form the light-sheet gives immediate control of the light-sheet extension 
and orientation both of which are always adjustable. Coherent light increases the 
presence of artifacts rising from scatter and absorption in relation to the complexity of 
the sample5. DSLM incoherent light minimises artifacts, enhancing image quality. 
Image quality, for both SPIM and DSLM, is further improved through sample rotation 
and/or by increasing the number of illumination and detection axes covering the three 




a DSLM microscope relies mostly on the required image quality, the cost and 
complexity of the microscope and the sample structural complexity.  
 
1.2.2. Light-sheet confocal detection 
Light interacting with matter can suffer from some of the following effects: 
reflection, refraction, absorption and scattering. In the case of a specular surfaces, like 
mirrors and glass, the reflection and refraction of the incident beam light are governed 
by Snell’s Law44. For diffuse and rough surfaces, the light incident and reflected angles 
are governed by Lambert’s cosine law45. In LSFM the images are more affected by light 
absorption and scattering.  For absorption light interaction mode, the illumination 
beam absorbed by the sample is necessary to produce the fluorescent signal, which 
allows the observer to follow specific structures inside the sample. The scattering 
effect, results from the interaction of the light with the sample and structures located 
inside of it due to refractive index variations. These structures will deviate the light as 
it travels through the sample. As a result, complex structures have more scattering 
agents than a quasi-transparent sample. The scattered light will increase the image’s 
background signal, therefore affecting the image’s contrast.     
Like other light microscopy techniques using a Gaussian laser beam, results 
from LSFM are affected by scatter and limited penetration depth4,5. Scatter is 
unavoidable, although its contribution is minimised with a confocal detection 
performed by using a slit on the detection pathway of the microscope, collecting the 
signal only from the focus and minimising the background signal. The slit can be 
physically implemented on the microscope46 and it can be implemented as a post-
acquisition line masking over the acquired images47. Additionally, and more recently, 




slit48. Using this camera confocal line detection manner has led to an increased image 
contrast49,50.  
 
1.2.3. Light-sheet Bessel beam illumination 
Recent studies have shown that beam shaping techniques resulting in the 
modulation of Gaussian beams into Bessel beams reduce the influence of scattering 
and improve penetration depth51–53. An ideal Bessel beam wave equation54,55, 
satisfying the Helmholtz equation, and an illustration of the zeroth order Bessel beam 
profile are exhibited in Figure 1.6. 
 
Figure 1.6 An ideal Bessel beam wave equation and an illustration of the zeroth order Bessel beam 
profile. 
Bessel beams have gone beyond the penetration depth limits of Gaussian 
beams56, mostly due to their extended focus51 and intrinsic non-diffracting54 
properties. Bessel beams are formed by a conical phase front and normally described 
as obstruction diffracting light from its characteristics higher order rings, Figure 1.6, to 
fill the gap after the obstruction. An increased number of obstacles will ultimately still 
distort the beam profile. Hence, the effectiveness of non-diffracting beams is likely to 
be strongly dependent on the sample’s structural complexity. 
The ideal Bessel beam has infinite transverse extent and energy, thus it is 




Bessel beam can be generated in several ways. Some methods rely on using an annulus 
aperture54,55, an axicon57,58 or a Spatial Light Modulator (SLM)51,56. The annulus and the 
axicon produce an immediate quasi-Bessel beam, with the beam characteristics of 
depth of focus and extension being dictated by the two optical parts specificities. For 
instance, a quasi-Bessel beam with the longest depth of focus and extension is 
achieved with the smallest annulus diameter or axicon cone angle. The SLM is as more 
versatile technique, since the device can be programmed with a diversity of 
mathematical functions to generate Bessel beams and other beams51. To modulate the 
Gaussian beam into a Bessel beam the SLM displays a conical phase mask. The SLM 
resulting modulated beam can be computed analytically or iteratively through using 
the Gerchberg-Saxton algorithm59. 
 
1.2.4. Light-sheet 2-photon 
Image contrast and penetration depth for Gaussian laser beams can be 
improved with 2-photon excitation6,26,38,60,61. The 2-photon illumination is another well 
documented technique used to increase penetration depth and image contrast38,62 in 
optical microscopy. In theory, in 1-photon excitation a single photon with a wavelength 
λ and intensity I0 produces one fluorescent photon, Figure 1.7 A.  
 
Figure 1.7 1-photon and 2-photon fluorescence emission diagrams. A) 1-photon of high energy with 
wavelength λ excites an electron from the ground state to higher vibrational and excited energy states 




with higher wavelength λf producing fluorescence. B) In 2-photon fluorescence production in contrast to 
1-photon the electron is excited by two consecutive photons, i.e. each photon has a wavelength of 2λ. 
The time lapse between the two photons should be small enough to excite the electron before it returns 
to the ground state eventually producing fluorescence. 
In 2-photon excitation, in theory, one photon with a wavelength of 2λ hits an electron 
in ground state and before the electron returns to the ground state another photon 
with the same wavelength of the previous photon, 2λ, hits the electron again sending 
it to higher excitation energy levels and one fluorescent photon is produced upon the 
return of the electron to the ground state, Figure 1.7 B. With both photons being 
produced by the same source with intensity I, this leads to the fluorescent signal 
produced scaling as I2. 
The 2-photon excitation increased penetration depth comes from the longer 
wavelength of the excitation light compared to 1-photon excitation. In the case of GFP 
the wavelength should be around the near infrared range, 920-960 nm, because long 
wavelengths are less affected by scattering. The high contrast comes from the 2-
photon quadratic dependence since the higher fluence of photons occurs at the beam 
focus, i.e. all the fluorophores inside of the depth of focus will be “quadratically” 
enhanced establishing a stronger distinction between the in focus and out of focus 
regions where the beam divergence will occur quadratically, lowering substantially the 
chances of getting 2-photon excitation, reducing chances of out of focus background 
influence in the acquired images.      
The generation of a 2-photon effect requires high intensity illumination of the 
sample (a high flux of photons), increasing the probability of getting an adequately 
strong fluorescent signal. It is possible to generate the 2-photon excitation with a 
continuous wave laser, although the fluorescent signal gained is lower by a factor of 59 
000 times at the same average power with a pulse length of 220 fs and a repetition 




compromise the sample preservation for live imaging since it increases photobleaching 




2.  Inherited DSLM system, embryo preparation and 
mounting, and images post-acquisition algorithms 
This chapter describes the DSLM model system prior to this PhD project, the protocol 
followed to prepare and mount the chick embryos for live imaging and the algorithms 
used for post-acquisition image processing. 
2.1. DSLM System 
On arrival at Prof Kees Weijer Lab, a DSLM model system was in place and 
available to use3. The microscope set-up configuration incorporated periscopes to send 
the laser beam into the scanner and from the scanner to the tube lens and illumination 
objective pair positioned on the same axis, as shown in Figure 2.1. The detection 
objective, the second tube lens and the camera were also positioned in the same axis, 
although orthogonally to the illumination objective axis Figure 2.1.  
 
Figure 2.1 Inherited DSLM microscope model. On the left hand side image the red rectangle indicates 
the periscope which sends the laser beam through the scanner, pointed out by the red arrow. The white 
ellipse shows the periscope which sends the light-sheet through the tube lens, TL, and illumination 
objective, IO pair. On the right hand side image the TLs are indicated by purple arrows. The IO and 





With periscopes the microscope alignment was complex and the system instability was 
evidenced by camera vibrations noticed when image acquisitions was performed at 
40x magnification. 
Four months after starting this PhD project, the Lab was moved to a different 
location and the system rebuilt in a more stable configuration, using the same devices 
and removing the periscopes. The new DSLM configuration set-up is outlined in 
chapter 3. 
2.2. Chick embryo preparation for imaging 
The chick embryo culture, incubation and posterior mounting on the chamber 
for live imaging was performed following the protocol outlined by Rozbicki et al65. The 
reagents used to culture and mount the embryos for live imaging were: 
• Sterile bacteriological petri dishes, 3 cm and 10 cm diameters; 
• 30 mm filter paper disks, Whatman grade 1; 
• Bacto Agar (BD 214010); 
• Heavy Silicon Oil (polydimethylsiloxy-co-methylphenyl siloxane), density 1.066g/ml, 
viscosity 125cSt, (Aldrich 378488); 
• Light Silicon Oil, density 0.93g/ml viscosity 10cSt (Aldrich 378321); 
• Sodium chloride; 
• Distilled water; 
• 70% ethanol; 
• Sterile distilled water; 




Prior to incubation, and after arriving from the Roslin Institute in Edinburgh, the 
embryos they were stored at 16° Celsius. Then the eggs were incubated at 38° Celsius 
for a time ranging from 1 hour up to 1 day, depending on the embryo developmental 
stage required for live imaging. After culturing, the embryos were incubated again until 
the start of the experiment. Before culturing the embryos, the petri dishes in which 
they will be kept developing until the mounting procedure for live imaging were 
prepared as follows: 
1– Prepare 0.6% Bacto agar in 121 mM NaCl. Warm the solution until it 
becomes transparent with no residual agar on the bottom of the reservoir. Cool 
to 48° Celsius and mix with 50 ml thin albumen collected with a syringe from 
fertilised eggs. Bed 3 ml of the mixture onto culture plates and allow to gel at 
room temperature. Plates can be kept several days at 4° Celsius; 
2– Prepare circular rings of Whatman filter paper by cutting out a central disk 
25mmdiameter and sterilise the rings. 
Once the dishes are ready, the embryos can be removed from the egg using the 
following procedure: 
1– Break the eggs into a clean 10 cm petri dish, keeping the vitelline membrane 
around the yolk intact;  
2– Orient the yolk such that the embryo sits on top;  
3– Clean the surface of the vitelline membrane with sterile tissue;  
4– Place the filter paper ring on top of the vitelline membrane centring the 
embryo in the hole of the filter paper ring;  
5– Cut the vitelline membrane around the outer edges of the filter paper with 




6– Place the embryos with the epiblast side down on the agar albumen filled 
culture dish and place under a microscope to check if the embryo structure is 
not compromised, Figure 2.2 B;  
7– Remove excess yolk with fine tweezers. 
The embryo is mounted on the sample holder plate, as shown in Figure 2.2 C, and 
placed inside the chamber, in order to proceed with embryo live imaging as follows: 
1– Sterilise the sample holder plate with 70% ethanol and rinse with sterile 
distilled water (Figure 2.2 A);  
2– Fill the central depression of the culture plate with 30 ul of heavy Silicon oil;  
3– Remove the filter paper mounted embryo from the petri dish and place it 
hypoblast side down over the central depression of the sample holder plate 
(Figure 2.2 D);  
4– Place the black rubber O ring in the groove of the culture plate and press 
down gently with the help of two forceps (Figure 2.2 E). Cutting the O rings 
facilitates their mounting in the groove of the culture plate; 
5– Remove the filter paper ring outside the embryo by tearing the vitelline 
membrane with fine forceps;  
6– Place the sample holder plate in a sterile 3 cm petri dish and fill it with 3 ml 
of thin albumen and remove any yolk extruding from underneath the vitelline 
membrane into the four escape ports;  
7– For observation in the light-sheet microscope the culture plate is mounted 
at the bottom of an observation chamber (microscope coverslip box, 7 cm × 3 
cm x 1.8 cm (Figure 2.2 F). To immobilise the sample holder an agar mould is 
made fitting the sample holder plate. The mould is prepared in advance by 




chamber and filling it with 2 ml 1% agar in saline. After the agar is solidified the 
empty sample holder plate is taken out and replaced with the sample holder 
plate containing the mounted embryo (Figure 2.2 G); 
8– Fill the box with 10 ml thin albumen containing 10 μl of Penicillin 
Streptomycin to prevent bacterial contamination;  
9– Mount preparation under the light-sheet microscope and cover the albumen 
with 2 ml light silicon oil to prevent evaporation. 
 
Figure 2.2 Chick embryo mounting for light-sheet live imaging. A) Sample holder plate, with its crucial 
dimensions. B) Embryo cultured inside of the petri dish, with epiblast facing the petri dish. C) The plastic 
sample holder plate and a black O ring. D) Embryo with filter paper on top of the sample holder plate 
with a cutted black O ring. E) Embryo placed in the centre of the sample holder plate and the black O 
ring used to immobilise it. F) Embryo mounted and immobilised on top of the sample holder plate. A 
mould made of agar is placed inside of a rectangular chamber. G) The sample holder plate is placed 
inside of the rectangular chamber, on the agar mould. The chamber is filled with 10 ml of albumen and 
10 μl of Pen/Strep.    
 To mount the embryo for epiblast or hypoblast live imaging the only difference 
lies on mounting the embryo with the epiblast or the hypoblast, respectively, facing 
the illumination and detection objectives (Figure 2.3). The chick embryo’s epiblast and 
hypoblast cannot be imaged simultaneously with a single illumination beam at cellular 
resolution, due to the limited penetration depth of the light in the early embryonic 
chick tissue. In addition, it is not possible to observe both sides simultaneously, 
considering two separate illumination beams, due to the manner in which the embryos 
are mounted in the imaging chamber65, Figure 2.3. Nevertheless, a direct comparison 




looking at two chick embryos developing in the same temporal window. In one chick 




Figure 2.3 Illustration of epiblast and hypoblast mounting for imaging. A) Chick embryo inside the egg. 
The embryo sits on the top of the yolk and the epiblast is surrounded by albumen, while the hypoblast 
faces the yolk. B) Mounting the embryo in the sample holder to image the epiblast, the hypoblast is in 
contact with the Oil - Poly(dimethylsiloxane-co-methyl-phenylsiloxane) minimising the movements of 
the embryo inside of the chamber. C) The Illumination Objective (IO) and the Detection Objective (DO) 
bisecting the epiblast at a 45° angle. The sample holder is inside the chamber. The chamber is filled with 
10 ml of albumen. D) To image the hypoblast the embryo is turned up-side-down. The epiblast is now in 
contact with an agar-albumen solution minimising movement of the embryo inside the chamber. E) The 
IO and the DO bisecting the embryos hypoblast at a 45° angle. The sample holder is inside the chamber, 
filled with 10 ml of albumen. F) Top view of the chamber. The sample holder is surrounded by agar to 
maintain the same position during the image acquisition.   
Note: Dr Manli Chuai prepared the embryos presented in chapter 3. She also 
prepared the embryos in developmental stages HH1, HH3 and HH5 used in chapter 5, 
for the Gaussian vs Bessel beams analysis. The other embryos imaged and shown in 
this document were prepared by the researcher PhD candidate. 
2.3. Dictyostelium Discodeum sample preparation 
Ms Gail Singer, a previous member of Prof Kees Weijer Lab, prepared the 




2.4. Beads and fluorescein solutions preparation 
A solution of 1% agar was prepared and warmed to boiling point, then 5 ml of 
this solution was mixed with 5 μl of 0.2 or 0.5 μm beads. A centrifuge was used to mix 
up and spread the beads in the 5 ml of agar. The beads are provided by Molecular 
Probes FluoSpheres® and are fluorescent microspheres, emitting fluorescence in the 
yellow-green wavelengths, 505/515 nm, cat number F8811 and F8813, for 0.2 and 0.5 
μm size spheres. Then the mixture is placed inside a rectangular chamber (Figure 2.2 F 
and G) and cooled to room temperature to form a solid looking like rubber. This 
immobilises the beads to image them with the light-sheet microscope. Since the 
objectives used in the DSLM microscope are water immersion objectives, described in 
chapter 3 of this document, the rectangular chamber is filled with 10 ml of distilled 
water.   
The fluorescein solution is prepared in the same manner as the bead solution. 
Using 1 μl of fluorescein instead of 5 μl beads to mix with 1% agar. Fluorescein was 
provided by Sigma-Aldrich, cat number 46955.  
2.5. Beam reflected in mirror 
To look at the profile of the illumination beam and the light-sheet a mirror is 
used. The mirror is placed inside the chamber used to mount the chick embryos and 
the chamber is filled with distilled water, since the objectives in use are specifically for 
water dipping imaging. Then, the chamber is placed on top of the 3D stage and the 
stage is moved up and down to observe the illumination beam and light-sheet profile 
at different z positions. This allows to find the illumination beam and respective light-




2.6. The Richardson-Lucy deconvolution 
The deconvolution code used for the Bessel images was performed using a 
version of the built-in Matlab function, adapted for Graphics Processing Unit (GPU) 
processing. The code is based on Lucy-Richardson deconvolution algorithm66,67. In the 
basic imaging deconvolution process an image can be improved using the measured 
optical system beam PSF and the acquired image.  
Before performing the image deconvolution it is necessary to rotate the 3D 
acquired data to be orthogonally positioned in relation to the light-sheet, since all the 
cross-section images acquired with the microscope have the light-sheet being formed 
in parallel to it. The 3D stack volume is rotated to have the cross-section images 
orthogonally placed in relation to the light-sheet. Hence, the measured and smoothed 
2D PSF can be used to deconvolve the cross-section images. The 2D PSF is measured 
from an image of the light-sheet acquired using a mirror in place of the sample, and 
takes the form of a Bessel-Gaussian profile. The rotated 3D stack is re-sliced 
orthogonally to the light-sheet, and each slice is sent to the GPU for 2D deconvolution 
in 10 iteration steps. This procedure allows a fast deconvolution without exceeding the 
memory limits on the GPU. Once the complete rotated 3D stack is deconvolved the 
stack is orthogonally rotated back to its original position. 
This is a time consuming process with, for instance, a single 3D stack of 
2160*640*2173 8-bit voxels taking 30 minutes to be deconvolved.  
2.7. Embryo segmentation 
The embryo cellular segmentation was performed using ImageJ Find Maxima 




with the segmented regions considering watershed principle68. In present project, the 
code is used to segment cells at the chick embryo’s epiblast.   
2.8. Intensity and useful contrast metrics 
In this document two metrics were used as a function of depth, the intensity 
and the useful contrast38. The former is calculated through measuring the total 
intensity signal at different depth levels, normalised to the maximum intensity 
measured. The latter is plotted through calculating the ratio between the intensity in 
the frequency range corresponding to structures between 2.5-10 m over the intensity 
in the frequency range corresponding to the total signal measured. 
2.9. Images post-acquisition analysis algorithms 
The codes used to show the embryo 2D surface projection, 3D stack data 
transformation, the Particle Images Velocimetry and the tissue contraction-expansion 
fate maps were all created and developed by previous members of Prof Kees Weijer 
Lab3. These codes were all implemented as post acquisition procedures for the DSLM 
in vivo chick embryo experiments, for data primary analysis and observation. No 
further changes were made in these codes during this PhD project. 
 
2.9.1. 3D stack: chick embryo 2D surface images 
All the embryo surface images presented in this document were calculated 
using a surface finding algorithm developed by previous members of the Prof Kees 
Weijer Lab3. The algorithm processes each 3D stack volume acquired with the 




along each 3D volume for a z slice with the maximum intensity value, by summing the 
individual pixel values in that z slice. The computer then places in a new 3D matrix nine 
z slices: the slice with the maximum intensity; the four z-slices before; and the four z 
slices after the z slice with maximum intensity. The new 3D volume is normalised, 
ranging 0 to 1 values. Then, the algorithm computes for each 3D matrix z pixels column 
the values exceeding a certain threshold value, only one pixel is selected by column. 
The threshold value is defined as a multiple of the mean intensity. Thus, the pixels in 
the 3D volume with the intensity above the threshold are outlined in a 2D plane, 
resulting in the embryo surface image. 
  
2.9.2. 3D stack: data transformation 
The 3D stack data transformation algorithm is used to orientate the acquired 
3D stack with the cross-section images in 45° angle to vertical cross-sections (Figure 
2.4). 
 
Figure 2.4 3D stack data transformation. 
 
2.9.3. Sample dual scan – merging images 
Other post-acquisition code used during this PhD project was the code to 
merge the embryo surface two-halves into one. The code was available at Prof Kees 
Weijer Lab. The code stitches two halves together, considering each half individual 2D 




region imaged in both halves. This region is confined to 252 pixels or 164 μm at 10x 
magnification (Figure 2.5).  
 
Figure 2.5 Illustration of sample top and bottom halves are merged into one. 
 
2.9.4. Particle Image Velocimetry and tissue fate maps 
These two algorithms are implemented using Matlab. The codes were written 
by previous members3 of Prof Kees Weijer Lab. The codes are used immediately after 
completing a 3D image acquisition, and the results provide information relative to the 
embryo tissue flows, in case of Particle Image Velocimetry (PIV), and highlight the 
tissue contraction and expansion regions. Both codes are used between consecutive 





3.  DSLM for imaging of chick embryos 
LSFM is a versatile technique since both illumination and detection axes are 
orthogonal to each other. Therefore, the microscope can be built around the sample 
conserving the 90° angle between the two axes.  
3.1. System overview 
The DSLM microscope was designed to image large fragile flat samples such as 
chick embryos, which need to be kept horizontal to develop normally. Due to its 
complexity, the embryo cannot be inserted in capillaries, a simplified mounting 
procedure often used for smaller samples such as zebrafish41 and Drosophila69 
embryos, since normal chick embryonic development is compromised. 
The chick embryos are horizontally cultured and mounted on a specially 
designed chamber for imaging65. The embryos can be cultured inside an incubator at 
38° Celsius for up to three days, after which they stop developing. The membrane GFP 
is expressed under the control of a promoter that is active throughout development. 
The strength of the membrane fluorescent signal varies considerably from embryo to 
embryo (Figure 3.1), independent of the embryo’s developmental stage. The reasons 
for this are not yet completely clear. 
 
Figure 3.1 Bright field and fluorescent images of two different transgenic chick embryos acquired with 
a conventional light microscope at 2.5x magnification. Fluorescent images were acquired with the 





Since the samples are kept horizontally orientated the light-sheet slices the 
sample at a 45° angle (Figure 3.2). The detection objectives used on the system 
provide 10x or 40x magnification, NA = 0.3 and 0.8 respectively. Another 10x 
magnification objective is used as illumination objective.  
 
Figure 3.2 DSLM set-up, with objectives oriented at 45° angle towards the sample surface. System top 
view, with sample holder, illumination and detection objectives in side view. The laser is monochromatic 
488 nm; the AOTF working as a shutter can control up to 8 wavelengths simultaneously; M – Mirror; 
Scanner (composed by two galvo-mirrors) generates the light-sheet; SL – Scan Lens. On the side view: TL 
– Tube Lens; M – Mirror; IO – Illumination Objective; C – Chamber holding the embryo; DO – Detection 
Objective; 3D stage to position and move the sample; EF – Emission Filter. In the expanded box view, the 
sample is illuminated by the light-sheet at a 45° angle. In the Scanner expanded box “GALVOS INSIDE 
THE SCANNER”, visible the operation of the two galvo-mirrors, A and B can be seen.  Galvo-mirror A 
scans the beam along X axis and Galvo-mirror B scans the beam along Z axis. The fSL is the focus Scan 
Lens length, 60 mm, and fTL is the focus Tube Lens length, 200 mm. The distance between each TL and 
the corresponding IO/DO is 200 mm.   
The illumination Gaussian beam has approximately 2.2 µm FWHM, and thus a 
depth of focus of around 45 µm. To maintain the embryo at 38° Celsius, the optimal 
development temperature, the chamber that holds the embryo is heated by a metallic 
plate on the stage.  
During image acquisition the embryo is moved to specific positions, on a stage 




acquired. This process is repeated until the region of interest is covered. The 3 axes 
stage, or 3D stage, has a maximum velocity of 3 mm/s and a positioning resolution of 
17 nm. The scanner used to generate the light-sheets has two galvo-mirrors (see 
“GALVOS INSIDE THE SCANNER” box in Figure 3.2), this allows the beam to be scanned 
along the X axis using galvo-mirror A, whilst galvo-mirror B is used to align the 
illumination sheet to the focal plane of the detection objective. The perpendicular 
distance between the two galvo-mirrors rotation axes is 9.3 mm. Coupled and screwed 
into the scanner box there is a f-θ scan lens with focal length of 60 mm. The rear edge 
of the scan lens housing is placed approximately 25 mm, or the lens aperture stop 
distance70, from the centre of the galvo-mirror B. The f-θ scan lens generates a flat 
image plane, imaged through the tube lens and illumination objective into the sample. 
The scanner triggers the camera and controls its exposure time through a hardware 
Transistor-Transistor Logic (TTL) connection. The scientific Complementary Metal-
Oxide Semiconductor (sCMOS) camera has a maximum frame rate of 100 frames per 
second at full frame size.  The camera exposes while the light-sheet is being generated. 
The camera in turn controls the Acousto Optic Tuneable Filter (AOTF) through a 
hardware connection to let the laser beam pass to the scanner. The AOTF is used in 
conjunction with a frequency synthesiser capable of controlling up to 8 wavelengths 
ranging 400-650 nm. The AOTF works as a shutter for the laser beam. When the 
camera is not exposing, the AOTF deviates the laser beam from the scanner, avoiding 
unnecessary illumination, and therefore preserving the sample. The laser source is 
monochromatic with a wavelength of 488nm, to excite the membrane targeted GFP 
expressed in the transgenic chick embryos. All the devices and parts used on the DSLM 




work properly and at correct timings an Oscilloscope was used. The Oscilloscope was 
provided by Pico Technology, with part number PicoScope 2206B. 
Furthermore, two independent computers control the microscope: one 
computer controls the light-sheet generation and sample positioning in 3D 
coordinates; while the second computer controls the image acquisition and storage. A 
custom software written in a C++ language is used in both computers. 
Table 3-1 Parts and devices used on DSLM set-up. λ – Wavelength, F – Focal Length, NA – Numerical 
Aperture, WD – Working Distance, CW – Continuous Wave.  
Devices / Parts Company Part Number Specification 












Control up to 8 channels or 
8 wavelengths 




ProSeries Scan Head 7 
61707PSXY2T-S4 
λ: 532 - 10600 nm 
Scan Lens Sill Optics S4LFT0061/65 
F = 60 mm  
λ: 450 - 650 nm 
Tube Lenses Thorlabs TTL200 
F = 200 mm 
λ: 350 - 700 nm 
Objective 10x Nikon N10XW-PF NA = 0.3 / WD = 3.5 mm 
Objective 40x Nikon N40X-NIR NA = 0.8 / WD = 3.5 mm 
Emission Filter Semrock FF03-525/50-25 Band pass filter: 525/50 nm 
sCMOS 
Camera 
PCO 5.5 Edge 
Pixel: 6.5 µm * 6.5 µm 
Chip: 2560 * 2160 pixels 






Max Velocity = 3 mm/s 
Resolution = 17 nm 
3 Axes mounted -> XYZ 
 
Chick embryos possess an undulated surface. The undulation is only minimal 
immediately after egg laying but increases with developmental time, introducing 
challenges in maintaining image sharpness as parts of the embryo can move out of the 




position, keeping its surface always in focus, is implemented in the microscope 
software. The light-sheet focus is positioned at the middle of the acquired image frame 
on the detection plane, for optimal sectioning of the surface of the chick embryo 
(Figure 3.3 C). A mismatch between the light-sheet focus and the embryo’s surface 
result in a position adjustment requirement. This mismatch is translated into a new 
stage position, to correctly adjust and place the embryo’s surface back into the light-
sheet and detection focus.  
 
Figure 3.3 Illustrations of a Gaussian beam profile and a DSLM light-sheet generation. Chick embryo at 
HH6 cross-section images, with the embryo surface being adjusted into the light-sheet focus. A) 
Illustration of a Gaussian beam profile, with its depth of focus highlighted by the dark central region of 
the beam. B) Illustration of a light-sheet formation through the scanning of the Gaussian beam shown in 
figure A. The yellow dashed rectangle indicates the light-sheet focus range. The dashed white line 
indicates the light-sheet focus midline. C) Embryo’s surface (dashed red line) does not match the light-
sheet focus midline (dashed white line). The left-hand image shows the surface of the embryo out of 
focus. The mismatch in number of pixel lines, ∆Pixels, between the dashed red and dashed white lines 
result in the necessary adjustment to place the embryo’s surface inside the light-sheet focus. On the 
right-hand image, after embryo’s surface adjustment only part of its surface will be in focus, inside the 
dashed yellow rectangle, due to embryo’s curvature. Z, from cross-section image (right) on C, is at 45° 
angle to Z’, from illustration on A.  
 
A large set of consecutive images taken at a 45° angle is acquired with regular 
spacing and transformed into a 3D stack (Figure 3.4 B). Each frame has 2560*400 
pixels. After egg laying the chick embryo resembles a disc with a diameter of 
approximately 4 mm, with approximately 400 000 cells. Covering the 4 mm with 




typically acquired at 12-14 frames per second. A single 3D stack, of 2000 images, is 
equivalent to 2 Gigabytes (GB) of data. To keep the embryo cross-section images 
constantly in focus, the embryo’s surface coordinates are adjusted after a complete 3D 
stack acquisition. This ensures that for the next 3D stack the embryo surface will 
remain in focus. A series of 3D stacks is acquired consecutively, spaced by 2-3 minutes, 
for approximately twenty hours, resulting in 500–600 volumes and approximately 1 
Terabyte (TB) of data. Then a video from this 4 dimensional (4D) data is produced 
(Figure 3.4 C). From the volumetric data, the 2D embryo surface is extracted by a 
dedicated surface finding algorithm, showing the embryonic cell behaviours in the 
epiblast of the embryo during gastrulation. The temporal resolution of 2-3 minutes is 
sufficient to investigate gastrulation at tissue level as well as relevant cellular 
behaviours such as cell shape change, division, ingression and cell rearrangements 
such as cell-cell intercalation3. 
 
Figure 3.4 Image acquisition, storage and processing workflow. A) Example of a raw cross-section 
image acquired with the DSLM. Using a 10x magnification objective. B) 3D stack result from the 
acquisition of individual cross-section images acquired along the region of interest. 2000 images 
acquired at 12-14 frames per second result in 2GB of data. C) After 20 hours of imaging the chick 




The imaged embryo surface has the width of the camera chip which is 2560 
pixels. Each pixel is 6.5 µm * 6.5 µm, resulting in a field of view of approximately 1.7 
mm with a 10x magnification objective. Since after egg laying the embryo looks like a 
disk with around 4 mm diameter, only approximately half of the embryo is imaged 
(Figure 3.5).  
 
Figure 3.5 Chick embryo partial surface with a length of 4.2mm and a width of 1.7 mm. Image acquired 
with 10x magnification detection objective. The mid-region of the chick embryo surface before the 
beginning of the primitive streak formation. 
By scanning the embryo twice, it is possible to image 90-95% of the embryo 
surface. Doing this at 12-14 frames per second leads to a reduced temporal resolution 
of approximately 6 minutes. This time is too long to observe processes such as cell 
division and cell ingressions in detail, resulting in considerable loss of information, for 
important cellular behaviours. 
3.2. High speed DSLM 
To maintain the temporal resolution of 3 minutes and increase the embryo 
imaged area it is necessary to speed up the microscope acquisition frame rate. The 
sCMOS camera in use has a maximum frame rate of 100 frames per second at full 
resolution of the camera chip, 2560*2160 pixels. As mentioned previously, a single 




rate increment above 100 frames per second. Through the implementation of new 
acquisition protocols resulting in software changes it was possible to speed up the 
microscope frame rate and scan the embryo twice. Covering around 90-95 % of the 
embryo surface, Figure 3.6, in less than 3 minutes. 
 
Figure 3.6 Chick embryo surface with a length of 4.8 mm and a width of 3.2 mm. Most of the embryo 
region was covered through scanning the embryo twice and merging the two surface images. 
 
The step by step motion of the stage turns out to be a relatively slow process. 
To make a single step between two defined and measured positions the code takes 
approximately 45 milliseconds (ms), on top of the time required for the acquisition of a 
single frame. A minimum rate of 24 frames per second is required to image 90-95% of 
the embryo, covering 4mm of extension. Therefore, to speed up microscope data 
acquisition the step by step motion was abandoned and replaced with a continuous 
stage movement for data acquisition of a single 3D stack (Figure 3.7). Originally a scan 




the camera to take an image. In the new configuration, the scanner executes an 
internal programme generating the required number of light-sheets equal to the 
number of frames to be taken per 3D stack in the required time. When the first light-
sheet is about to be generated, the scanner triggers the stage to start the continuous 
movement. No changes in the operation of the camera and AOTF were required. 
 
Figure 3.7 Overview of two different scanning modes from the perspective of the sample. The blue 
lines indicate the position of individual light-sheet generation and image acquisition. A) Stage moves in 
step by step motion and images are acquired with the stage stopped, Δx is the step size. B) Stage in 
continuous movement between start position (Xs) and finishing position (Xf) at constant velocity. With 
images being acquired at equally spaced positions Δx’. The lines are tilted due to stage continuous 
movement, to differentiate between having the stage completely stopped, illustration A, and in motion, 
illustration B, during light-sheet generation. 
 
Questions to consider were: will the images be equally spaced? Will the images 
be distorted due to stage continuous movement? 
The first question is easy to answer by imposing a strict synchronisation 
between the stage and scanner. With the stage moving the embryo at a constant 
velocity it was ensured that the light-sheets are formed at the required frequencies 
and timing by setting the appropriate scanner parameters. Remembering that, for the 
DSLM system in use, either in stepping or continuous motion modes, the light-sheet 
formation rate is equal to the image acquisition frame rate. Because, as was stated 
previously the light-sheet generation time is equal to the camera exposure time. The 




continuous stage movement at constant velocity ensures that all cells are captured. 
Since cells have an average diameter of 10 µm3 the same cell is imaged in two to three 
consecutive images. If the stage moves at 0.4 µm/ms, 4 mm of tissue is imaged in 10 
seconds, with frames acquired at 100 frames per second. In the experiments 
performed, normally, 4 mm of embryo’s surface was imaged in approximately 60 
seconds using a velocity of approximately 0.07 µm/ms, i.e the stage moves even 
slower than suggested above. Thus, a frame rate of 24 frames per second works well, 
giving a reasonable frame temporal spacing such that no distortion should be noticed 
during image acquisition. With higher frame rates the embryo is scanned twice, 
imaging complementary sites of the embryo (Figure 3.8). After acquisition the two 
halves are merged, Figure 3.6. 
 
Figure 3.8 Embryo single and dual scan modes. In single scan, the acquisition process occurs for the 
same y position, Y0. In dual scan, the acquisition process occurs sequentially for two different y 
positions, Y0 and Y1. After the two 3D stacks are acquired they are merged. In the diagram, the blue 
circle represents the embryo and the black rectangles represent the field of view, in dual scan the field 
of view is doubled.  
3.2.1. Results 
With Dual scan 90-95% of the embryo is imaged every 2-3 minutes during early 
stages of development. As a result, most of the primitive streak can be imaged and the 





Figure 3.9 Embryo single and dual scans, with 10x magnification detection objective. A) Embryo single 
scan, the streak is partially visible. B) Embryo dual scan, the streak is completely visible. The red arrow 
indicates the Posterior –> Anterior direction and the yellow arrow indicates the anterior tip of the 
primitive streak, the Hensen’s node. 
 
For a first analysis, the differences between single and dual scan are visible 
after applying Image Velocimetry (PIV) algorithm3 to both data sets. For the primitive 
streak images presented in Figure 3.10 the tissue flow movements shown by the green 
arrows are only partially visible in a portion of the embryo using single scan (Figure 
3.10 A) but are much better illustrated over a broader region using dual scan (Figure 





Figure 3.10 PIV applied to two chick embryo surfaces. The red arrow indicates the Posterior –> Anterior 
direction and the yellow arrow indicates the position of the anterior tip on the primitive streak, the 
Hensen’s node. The green arrows indicate the tissue flow directions. A) Image acquired through single 
scanning mode. The tissue flows indicate an expansion of the embryo towards the bottom side of the 
field of view. B) The image was acquired in dual scanning mode generating two independent 3D stacks, 
merged upon acquisition. The tissue flow indicates a more symmetrical expansion in the posterior site of 
the embryo, to the bottom and top sites of the field of view. Accompanied by a strong expansion quasi-
unidirectional on the anterior site.  
 
Using single scanning mode and a 40x magnification detection objective to 
image the same chick embryo with the stage step by step motion and the stage 
continuous motion modes, no differences are noticed in the embryo surface images as 





Figure 3.11 Embryo surface images acquired in single scan mode at 40x magnification. A) Using step by 
step stage motion. B) Using continuous stage motion. 
 
The chick embryo hypoblast development was imaged during early 
gastrulation. The primitive streak triggers gastrulation and the streak reaches its 
maximum extension 16 hours8 after egg laying. This is the embryo developmental time 
window. Currently there are no long live recordings of the hypoblast development in 
early chick embryos at cellular resolution.  
When the embryos were mounted with the hypoblast facing the light-sheet, 
most of the embryos did not survive more than a few hours in culture before 
detaching from the vitelline membrane and collapsing, whether the hypoblast faced 
either albumen or an appropriate phosphate buffer. A permanent contact between 
hypoblast and yolk inside the egg is very different than having hypoblast in contact to 





The hypoblast images presented in the following page were acquired using 
stage continuous motion and embryo dual scan modes. The hypoblast surface is 
followed at cellular resolution, covering almost all tissue as shown in Figure 3.12.  
 
Figure 3.12 Chick embryo hypoblast development imaged for more than 11 hours. Images acquired in 
continuous motion and embryo dual scanning modes. Images A), B) and C) represent the hypoblast 
surface development from the beginning of gastrulation at 0 minutes, 343 minutes and 687 minutes, 
respectively. The red, blue and green dashed lines indicate the region from which A), B) and C) - cross-
section images were acquired. The white ellipse in C indicates the region at which a streak formation 
would be active. The yellow arrow shows the Posterior –> Anterior direction. The dashed yellow ellipses 
in A and B are surrounding regions with agglomerates of cell clusters made of round cells. The dashed 
green rectangle in C – cross-section confines a region of a flat layer of small cells. 
 
The hypoblast surface, Figure 3.12, looks considerably less sharp than the 





Figure 3.13 Chick embryo epiblast development imaged for more than 10 hours. Images acquired in 
continuous motion and embryo dual scanning modes. Images A), B) and C) represent the epiblast 
surface development since the beginning of gastrulation at 0 minutes, 341 minutes and 685 minutes, 
respectively. The red, blue and green dashed lines indicate the region from which A), B) and C) - cross-
section images were acquired. The white ellipse indicates the streak region. The yellow arrow indicates 
the Posterior –> Anterior direction. 
 
The hypoblast is initially formed by scattered clusters of round cells10 as can be seen in 
the cross-section images of Figure 3.12, dashed yellow ellipses in A – and B – cross-
section images. Over time the cells start to organise and the initial agglomerates of cell 
clusters gradually disappear and then a flat layer of cells9 starts to take shape, as 
indicated by the region inside the dashed green rectangle from Figure 3.12 C – cross-




surface a central circular region appears evident71 (Figure 3.12 B and C). This central 
circular region looks nebular and turbulent. The white ellipse from Figure 3.12 C 
indicates the embryo middle region where the primitive streak should be located. 
As stated in the previous chapter, the hypoblast and epiblast cannot be imaged 
simultaneously using the same embryo, due to the mounting of the embryo to be 
imaged by the DSLM, and additionally due to the limited penetration depth provided 
by Gaussian light-sheet and the embryo structural complexity. Hence, looking at the 
same embryonic developmental time window as the one for hypoblast, the epiblast 
was imaged using another embryo mounted with the hypoblast face up (Figure 3.13). 
Using visual comparison of the hypoblast and epiblast developments shown in 
Figures 3.12 and 3.13, respectively, the epiblast appears to have a smoother surface 
with a clearer organisation and positioning of its cells.  
To perform a primary examination of tissue flow and dynamics of the results 
presented in Figures 3.12 and 3.13 a post-acquisition analysis of the data was 
performed using PIV and Contraction-expansion fate map algorithms3 . The resulting 






Figure 3.14 Chick embryo hypoblast surface PIV (top) and expansion-contraction maps (bottom). 
Embryo’s hypoblast surface images after 343 minutes A) and 687 minutes B) of live imaging. The white 
ellipse indicates the region at which streak formation would have ocurred. The green arrows show tissue 
flow directions while the yellow arrow indicates the Posterior –> Anterior direction.  
 
With the PIV and Contraction-expansion fate maps the results were visually and 
directly compared and correlated for both epiblast and hypoblast surfaces. Although 
the images come from two different embryos the images are recorded at the same 
developmental time window. A search of the literature did not show results for chick 
embryo early stage development hypoblast live imaging in order to establish other 
comparisons, only observations made with electron microscopy images9,10,71,72. 
Consequently, the next statements rely only on personal observations. For both 
epiblast and hypoblast surfaces, the PIV images show a clear expansion of the two 
embryos in all directions. In the hypoblast surface the Contraction-expansion fate 
maps reveal strong expansion of the tissue in its central region and a circular shaped 
contraction on the boundary between the central unclear nebular region and the 




stages during EMT the future mesendoderm cells will move to the sides at deeper 
layers below the epiblast (Figure 1.2) it appears that this tissue expansion is justified by 
the displacement made by these cells onto and into the hypoblast. In the epiblast the 
characteristic vortex flow3 (red arrows in Figure 3.15) is seen well before primitive 
streak formation can be visually detected. The epiblast Contraction-expansion maps 
show a strong contraction of the tissue in the primitive streak furrow (white ellipse in 
Figure 3.15) and at its anterior end and an expansion of the tissue in all the regions 





Figure 3.15 Chick embryo epiblast surface PIV (top) and expansion-contraction maps (bottom). 
Embryo epiblast surface images after 341 minutes A) and 685 minutes B) of live imaging. The white 
ellipse shows the primitive streak position. The red arrows indicate the epiblast characteristic flow prior 
to primitive streak formation. The green arrows show tissue flow directions, while the yellow arrow 
shows the Posterior –> Anterior direction. 
3.3. Dual colour DSLM 
Biological systems are very complex, and the activity of some proteins might 




interaction of two or more proteins is a key factor for understanding their co-
localisation and the existence of any correlation between them73,74. It will be highly 
advantageous to perform live imaging of specific protein dynamics in the context of 
the embryonic development, during crucial events such as gastrulation. This could take 
the form of monitoring the role of a protein A, which directly contributes to an 
increased or decreased action of a protein B, when cells are ingressing towards the 
streak furrow. Such an approach requires dual colour imaging.  
The necessary changes in the microscopy system to perform dual colour images 
were made in both the optical set-up and the software. The set-up (Figure 3.16) was 
modified by: replacing the monochromatic laser with an air-cooled Krypton:Argon 
tuneable laser, provided by Melles Griot, model 643-RYB-A02, outputting three 
excitation wavelengths (488nm, 568nm and 647nm); and introducing a device called 
Optosplit II75, provided by Cairn Research, to orientate and split two emission 
wavelengths in parallel towards a single camera chip76. 
 
Figure 3.16 Dual colour DSLM set-up.  Top and side views of the system. The laser is tuneable with three 
wavelengths: 488 nm, 568 nm and 647 nm; the AOTF working as a shutter can control the three 
wavelengths; M – Mirror; Scanner (composed of two galvo-mirrors) generates the light-sheet; SL – Scan 
Lens. On the side view: TL – Tube Lens; M – Mirror; C – Chamber; IO – Illumination Objective; DO – 
Detection Objective; 3D stage to position and move the sample; Optosplit, split the two emission 




 The Optosplit II optical set-up is schematically presented in Figure 3.17. This device is 
composed of: two anti-reflective achromatic doublet lenses; a dichroic mirror from 
chroma T565LPXR to split the wavelengths, wavelengths longer than 565 nm travel 
across the dichroic whilst wavelengths shorter than that are reflected; two filters from 
Chroma to block the unwanted wavelengths, a long pass filter with part number 
HQ615 for the wavelengths > 615nm, and a band pass filter for the wavelengths 
ranging 500-550 nm with a part number HQ525/50 M; and three mirrors, two 
dielectrically coated and one silver coated, to orientate the selected wavelengths to be 
output in parallel onto the camera chip. The device has a focussing ring available that 
allows the images to be focussed onto the camera chip. 
Optical set-up configurations designed to split two different colour fluorescent 
signals imaged in the same camera chip have high chances of suffering chromatic 
distortions77. Even considering the images were collected from the exact same position 
in the sample, alternating between the two illumination wavelengths, chromatic 
distortion in the lenses affects the images perfect alignment and match, even for 
devices like the Optosplit II which incorporates two achromatic doublet lenses to 





Figure 3.17 Scheme of the arrangement of the lenses, dichroic mirror, filters and mirrors inside the 
Optosplit II box. 
 
Since for a single frame only 2560*400 pixels are used in comparison to the 
2560*2160 pixels in the camera chip, two parallel images, 2560*800 pixels, can be 
simultaneously or sequentially acquired with the same camera chip. The changes on 
the software were: the implementation of the necessary commands for the AOTF to 
control the three excitation wavelengths; the code programming definition of 
sequential and simultaneous modes of image acquisition; and the images post-
acquisition processing and storage. During sequential mode the first wavelength 
illuminates the sample followed by the second wavelength, with the sample located in 
the same position before moving on to the next position. During simultaneous mode 
both illumination wavelengths are triggered at the same time to illuminate the sample. 
Both modes operate using step by step motion of the stage. After testing the 
simultaneous mode of acquisition it was noticed that both wavelengths are 
undesirably collected in both channels. Hence, the sequential excitation mode was the 
better option to optimise the fluorescent signal recorded from both wavelengths 




fluorophores. The sample illumination wavelengths used were 488nm and 568nm to 
excite GFP and monomeric Red Fluorescent Protein mars78 (mRFPmars), respectively.  
Cairn Research provide an ImageJ dedicated plugin to split and align the images 
acquired with the Optosplit II. This is done through converting the images into RGB 
images and then overlaying these images and using the horizontal and vertical RGB 
profiles. This is possible because the images are taken from the exact same position for 
both illumination wavelengths and the field of view of the channels is the same.  
 
3.3.1. Results 
As a proof of concept and because, at present, a transgenic line of chick 
embryos expressing two fluorophores is not available, the microscope was used to 
image Dictyostelium Discoideum cells expressing MyosinII-GFP and LifeAct-mRFPmars, 
a construct that detects filamentous actin78.  Figure 3.18 shows images collected in 
sequential mode for four hours of starved dictyostelium cells undergoing chemotactic 
aggregation. These are top view images of the cells sitting on top of agar, inside the 
rectangular chamber. The images result from the application of the code used to plot 
the chick embryo surface from the 3D stack on the dictyostelium acquired 3D data. 
 
Figure 3.18 Live images from Dictyostelium Discodeum acquired in dual colour sequential mode. A) 
MyosinII-GFP channel. B) LifeAct-mRFPmars channel. C) Image outcomes from the alignment made from A and B, 
using the ImageJ Optosplit plugin. Red is MyosinII and Green is Actin. The numbers and the white dashed circles 
represent specific cells zoomed in and shown in figure D). The numbers: 1 and 2 show two examples of channels 
with a perfect match; 3 and 4 show cases in which there is no perfect match of the two channels; 5 and 6 show cells 





Figure 3.18 D show that upon alignment and overlay of the two channels some 
cells match and others do not match correctly, D – 1, 2 and D – 3, 4, respectively. The 
channel’s mismatch may occur due to fluorophore localisation inside the cells at 
specific times of cellular development and behaviour or due to chromatic distortion. 
Figure 3.19 show an example of RGB horizontal and vertical profile line plots, 
top and bottom plots, respectively. From the plots the differences in channel intensity 
is evident (red for MyosinII and green for Actin) with values range [0, 250]. A perfect 
match would mean perfect co-localisation of the fluorophores and variations in 
fluorescent signal intensity is expected since different fluorophores are used. 
 
Figure 3.19 Live Dictyostelium MyosinII and Actin fluorescent image, red and green, respectively. RGB 
horizontal and vertical profiles plotted within yellow and blue dashed lines. The profiles are measured 
left -> right and top -> bottom, for horizontal and vertical lines, respectively. 
3.4. Discussion of results 
Live imaging for tens of hours with frame rates ≥ 24 frames per second creates 
the opportunity to scan the embryo multiple times and leads to a considerable 
increment in the volume of data acquired when compared to a single scan. Although it 




image and follow gastrulation3 using dual scan keeping the temporal resolution at 3 
minutes, the data size increases from 500-600 GB to 1-1.2 TB. Thus, reaching a good 
compromise between going faster and producing a reasonable amount of data for live 
imaging the chick embryo early stages of development is desirable. The goal of 
speeding up the microscope acquisition process enough to cover 90-95% of the 
embryo whilst maintaining the spatial temporal resolution of 3 minutes is achieved by 
scanning two adjacent fields of view and stitching them together. Nevertheless, if 
required, instead of scanning the embryo twice, the embryo can be scanned multiple 
times at a higher frame rate, covering all the embryo and neighbouring regions and 
widening the imaged region to investigate processes beyond primitive streak 
formation. However, this is useful only if the aim is to investigate processes occurring 
beyond complete primitive streak formation, this comes with an extra cost of 
increasing the amount of data acquired.  
Changes in the system set-up and software allowed multicolour experiments to 
be performed. In the future, a more careful registration of the two spectral channels is 
needed to quantify, and if necessary account for, chromatic aberrations in the optical 
setup. Then, the next natural step would be to use the system to investigate crucial 
protein activity inside the chick embryo during gastrulation using live imaging. This 
could be done by transfection or through the development of a new transgenic line 
expressing two or more fluorophores.  
Imaging the hypoblast development with the DSLM microscope was very 
challenging, due to the need to mount the embryo with the forming hypoblast side up, 
facing the light-sheet. Normally the forming hypoblast faces the sub-germinal space, a 
small cavity between the hypoblast and the yolk filled with a small volume of fluid, 




cultured and incubated. Thus, it is very difficult to image the hypoblast at very early 
stages of development e.g. stage HH1, when the hypoblast is more fragile. The method 
used here for preparing, mounting and imaging the embryos, showed that hypoblast 
live imaging is successful for embryos at developmental stage HH2 or later. Hypoblast 
images acquired from embryos at these later stages show embryos developing 
normally according to literature description 12,72. 
The dynamics of the tissue flow in the hypoblast layer when the primitive 
streak is forming are not yet clearly understood. The streak furrow is visible in the 
epiblast with simultaneous movements of cells into the streak, with future 
mesendoderm cells displacing the hypoblast, most likely causing an expansion of the 
tissue at layers below the epiblast (Figure 1.2) due to EMT with a re-allocation of the 
cells in deeper layers and within the hypoblast. This central expansion strength 
decreases with the crescent distance from the streak furrow and the first contraction 
circle (Figure 3.14), possibly as a result of the counter reaction of hypoblast cells 
placed far from EMT regions. The second circular expansion region is caused by 
embryonic natural growth with the contraction resulting from the embryo limits 
(Figure 3.14). More research is required to establish a strong model and hypothesis for 
hypoblast development. The observations made in this report provide a good starting 
point and support the observation of events described in literature, like the scattered 
agglomerate of cells which will give rise to a flat layer of cells9,10,72 and the central 





4.  Cell ingression events using confocal line detection 
principle 
High resolution images with high contrast will support the investigation of cell-
cell mechanical and morphological behaviour in in vivo chick embryo development. 
Biological live imaging with LSFM, like most microscopy techniques, faces issues 
due to photon scattering and limited penetration depth. Scattering affects both image 
contrast and penetration depth of the illumination4,5,26. The penetration depth of the 
illumination is also dependent on the characteristics of the laser beam geometry used 
to generate the light-sheet. To increase imaging depth, refractive index matching 
optical clearing techniques have been suggested22,79. However, these techniques are 
not easily compatible with live imaging. Proposals for optimising penetration depth 
and image contrast in live imaging include the modulation of the Gaussian beam 
illumination into Airy or Bessel beams51,53,55,80,81, and using 2-photon illumination 
excitation mode 6,38,60,82. On the detection side, as a means to improve the contrast if 
not the penetration depth, it is also possible to implement confocal line 
detection48,49,53,83.  
The confocal line detection mode (CLDM) is a new feature on the most recent 
sCMOS cameras used in combination with DSLM set-ups48. To use this camera 
detection mode there are crucial changes and improvements to be made in the 
microscope software code.  
4.1. CLDM implementation 
The camera's CLDM enables synchronisation of the digitally scanned light-sheet 




in high image contrast by minimisation of the contribution of the out-of-focus 
fluorescence and scattered light in the detection path. With CLDM working as an 
electronic slit, only the signal derived from the in-focus region passes through the slit, 
blocking the contribution of out of focus light in the acquired image.  
In the DSLM microscope system the light-sheet is generated by a rapid 
movement of the laser beam, performed by the galvo-mirrors of the scanner. The laser 
beam is scanned across the sample. As a result, it is possible to synchronise the 
scanning of the laser beam with the exposure and readout of one or multiple rows of 
pixels in the camera chip while the light-sheet is being generated. Figure 4.1 illustrates 
the synchronisation of the laser illumination beam scanning with the exposure and 
readout of a single row of pixels in the camera chip during light-sheet formation. Only 
the row/s of pixels in synchrony with the laser illumination beam collect signals while 
the remaining rows, above and below, are disabled. This is the same as sequentially 
scanning the camera chip pixels row by row. Increasing the number of rows in 
synchrony with the laser beam will increase the signal received by the camera, 
effectively widening the electronic slit and reducing the image contrast. A correct 
balance between signal collected and number of rows of pixels in synchrony with the 








Figure 4.1 Synchronisation between the scanned Gaussian laser beam and the camera chip A) 1 row of 
pixels and B) 5 rows of pixels exposure and readout at a time, during the light-sheet generation. The 
three images in figures A and B show a sequence where the Gaussian laser beam, in blue, is 
synchronised with 1 and 5 rows of pixels bottom to top during beam scanning to originate the light-
sheet. Note that even for 1 or 5 rows of pixels synchronised with the beam scanning the camera chip 
makes the exposure/readout row by row. This happens always, independent on the number of rows 
selected to synchronise with the Gaussian laser beam. When a row or rows of pixels is or are being 
exposed, the remaining rows, below and above, are deactivated (black region).  
 
Due to system synchronisation issues, the initial frame size changed from 2560 
* 400 pixels to 2160 * 640 pixels. This is because the camera CLDM works only by 
scanning the pixel rows along the shorter dimension of the camera chip.  
The software changes implemented allow the user to input three camera CLDM 
parameters: the number of pixel rows to synchronise with the laser beam; the time to 
expose and readout each individual pixel row during beam scanning; and the number 
of delay pixel rows to begin the synchronisation. The number of pixel rows varies from 
1 to 2160. The time to expose each pixel row ranges from 27.52 µs to 100 ms. The 
number of delay pixel rows is used, if necessary, to facilitate a camera “standby” time 
up to the moment at which the laser beam is in parallel with the entered number of 
pixel rows at the beginning of the camera chip, to start the image exposure. All of 
these camera parameters are described in the camera user manual (Table 3-1). These 
parameter values must be selected in accordance with the scanner parameters, which 
set the laser beam scanning time.  An incorrect set of values entered for the camera 
CLDM parameters will result in black images, because no fluorescent signal will be 




The hardware TTL communication between scanner and camera was changed, 
so that, once the scanner begins the camera is triggered to start the exposure. This is 
in contrast to the previous communication mode, where the scanner was starting and 
controlling the camera exposure time, i.e., whilst the laser beam scanning was 
operating, one camera was exposing from the beginning to the end. However, in a 
perfect CLDM synchronisation the camera total exposure time is equal to the laser 
beam scanning total time. To ensure that all the synchronisation is correctly performed 
the Oscilloscope described in the previous chapter was used. 
       
4.1.1. Results 
The initial tests with CLDM began by synchronising 1 to 60 lines of pixels with 
the laser beam scanning and it was noticed that with a slit width of a single pixel row 
the images were very dark with very low fluorescent signal. The fluorescent signal did 
increase with the number of pixel rows, then with a slit width of 5 pixel rows the 
images were similar to the images acquired without the CLDM. Figure 4.2 shows chick 
embryo surface and cross-section live images, top and bottom images respectively, 
acquired without CLDM and with CLDM – 5, 10, 15, 30 and 60 Lines of pixels. These 





Figure 4.2 Chick embryo at HH1 surface (top) and cross-section (bottom) images acquired, at 10x 
magnification, without CLDM and with CLDM - 5, 10, 15, 30 and 60 Lines of pixels synchronised with 
the laser beam scanning. Below the images are the Intensity and Useful contrast graphs, dependent on 
embryo depth, z, in µm.  
 
In Figure 4.2, the Intensity graph (bottom left) shows that increasing the number of 
pixel rows in synchrony with the laser beam scanning, approaches the intensity levels 
to the same as imaging the embryo without using CLDM. The Useful Contrast graph 
(bottom right) shows that the best image contrast is provided through using 5 pixel 
rows to synchronise with the laser beam, although it is only approximately 3% better 
than using 10 pixel rows and approximately 6% better than an image acquired without 
CLDM. As a result for images acquired with CLDM the beam was synchronised with 5 
pixel rows. This corresponds to the use of an electronic slit with a width of 3.25 µm 
and a length equal to the height of a single frame at 10x magnification. 
There are two main disadvantages with using the sCMOS camera (Table3-1) in 
CLDM mode. One is that line sampling takes more time and for the sCMOS camera in 
use the frame rate is limited to 15 frames per second. Secondly as a natural 




generation, leading to the rejection of a considerable portion of the scattered light, 
most of the image signal comes from the focal plane of the light-sheet and this results 
in embryo deeper layers structural information loss (Figure 4.3).  
 
Figure 4.3 Chick embryo at developmental stage HH6/HH7 cross-section images at 10x magnification 
acquired without and with CLDM, top and bottom images, respectively. The dashed black and white 
ellipses outline the embryo head fold region. 
 
In Figure 4.3 the chick embryo head fold boundaries are better imaged without CLDM 
(region inside the black dashed ellipse) than imaged with CLDM (region inside the 
white dashed ellipse). With CLDM the image signal fades rapidly with depth (Intensity 
graph, bottom left, Figure 4.2). One way to resolve this is to scan the light-sheet over 
the sample twice per cross-section, i.e. two images per cross-section. In the first image 
the light-sheet focus is positioned at the embryo surface and in the second image the 




section image results from merging both images. As a natural consequence this would 
double the elapsed time between 3D stacks taking it above 3 minutes. As explained in 
the previous chapter a maximum of 3 minutes between 3D stacks is desirable to 
ensure that no important information is lost between 3D stack acquisition. This limited 
signal collection is more relevant for larger 3D samples such as chick embryos in later 
stages of development. 
Figure 4.4 shows chick embryo at HH4 developmental stage cross-section 
images at 40x magnification, acquired without and with CLDM. Comparing the two 
images it is evident that the cross-section image acquired with CLDM provide more 
detail than the image acquired without CLDM, specifically the more turbulent region of 
image within the red dashed ellipses. Like the vesicles, inside the red dashed ellipses, 
that are visible on the image acquired with CLDM and not entirely visible on the image 
acquired without CLDM. 
 
Figure 4.4 Cross-section images from chick embryo, at 40x magnification objective, acquired without 
and with CLDM. Primitive streak furrow is confined inside the red dashed ellipses. 
4.2. Epiblast cell ingression 
The primitive streak formation marks the onset of gastrulation in mammals, 
reptiles and birds. The streak is the major site of ingression of epiblast cells1,3. Cellular 
ingression leads to EMT. Ingression is a complex cellular process which is probably 
controlled by chemical and mechanical cell-cell signalling1,3. A significant question is: 




and migration of future mesoderm and endoderm cells? A first step in these studies is 
a detailed characterisation of relevant cell behaviours. This is done by extensive time 
lapse imaging of cell ingression processes at high resolution. Without CLDM it was 
possible to detect cell ingression by the disappearance of cells from the embryo 
surface. However, it was difficult to follow details of this process due to the limited 
clarity of the cross-section deeper in the tissue. The cross-section images shown in 
Figure 4.4 clearly illustrate the enhanced detection of cell boundaries imaged with 
CLDM, due to the minimisation of the out of focus fluorescence and scattered light.  
 
Figure 4.5 Chick embryo cross-section images of two cell ingression events, in green and red. A) Chick 
embryo cross-section without false-colour overlay of tracked cells the cells. Images B to F show 
reshaping and movements of cell from the epiblast top to bottom layers. 
 
CLDM allows tracking of the ingression of cells into the streak and neighbouring 
regions in detail. Figure 4.5 shows a sequence of cross-section images with two cells 
tracked for almost 40 minutes during their ingression from the embryo surface 
towards the future mesendoderm layer. Images shown represent sections acquired 
through the ingressing cells’ middle region. As the cells reshape during the ingression 
process they become thinner once they start to move down3, but occasionally the cell 




ingression process is followed from both the embryo's cross-sectional and surface 
views. The event was recorded for 99 minutes, the time it takes for the cells to 
completely disappear from the embryo surface into embryo deeper layers. 
 
Figure 4.6 Cell ingression event imaged over 99 minutes. The cell is highlighted in green. The primitive 
streak is indicated by the red dashed ellipse. The yellow arrow points to the region at which the cell 
disappears and is no longer visible. From A) to D) the cell ingression is tracked in the embryo’s cross-
section and surface images, left and right images respectively. A considerable number of vesicles are 
sitting on top of the streaks. 
4.3. Vesicles formed as part of cell ingression event 
The images acquired with CLDM have greatly enhanced image sharpness and 
contrast. As a result, smaller structures such as vesicles sitting on the primitive streak 
and its neighbouring regions can be observed with much greater detail, Figure 4.7. 




that vesicles appeared in considerable quantity on the top of the primitive streak 
during chick embryo developmental stage HH4. 
 
Figure 4.7 Concentration of vesicles on top of the primitive streak, visualised on the 3D stack 
transformed volume. Top image is the embryo’s view at 12 µm from the embryos surface. The bottom 
image is a cross-section image through the streak at the position indicated by the red dashed line in top 
view image. 
 
This leads to the following questions: 1) What is the origin of the vesicles? 2) Do they 
arise as part of the cell ingression process and are they required for cell ingression to 
occur1,3,73? 3) Do they play a role in cell-cell signalling or are they a means to discard 
part of the cell such as the apical tight junction complex84, allowing the ingression 
event to occur? 
The origin of the vesicles was investigated through looking carefully at the 
images acquired at 40x magnification with CLDM and these show evidence suggesting 





Figure 4.8 Vesicle being formed as a consequence of cell ingression. Vesicle formation indicated in red. 
Yellow circular dashed line indicates a cell connected to the vesicle. Sequence of embryo cross-section 
images showing vesicle formation beginning, after 15, 30 and 35 minutes of acquisition, A), B), C) and 
D), respectively. Bottom images represent the respective embryo’s surface images.  
Based on the acquired image observations, a hypothesis was proposed that 
these vesicles are formed as part of the ingression process during the rosette 
formation that occurs during cell ingression17. These structures form when the cell 
apex contracts, possibly with the help of neighbouring cells3 (Figure 4.9).  
 
Figure 4.9 Model explaining the vesicle formation and origin. In the cross-section view (upper panels) 
the cell in green is about to ingress and part of the cell is abscised as a vesicle. During the abscission 
process the cell disappears completely from the surface (yellow cell in the lower top view panels). 
The hypothesis presented in Figure 4.9 is based on the finding that vesicles are more 




events occur. These vesicles appear to have a wide range of sizes, as seen in Figure 4.7, 
they are generally circular and fluorescent. The fluorescent signal suggests that these 
structures were at some stage part of the cells, since in the transgenic chick embryos 
imaged during this project only the cell membranes express GFP.  
Although the hypothesis proposed holds true for some cells it seems that not 
all cells forming the rosette near to the primitive streak complete the ingression. 
Figure 4.10 illustrates a vesicle formation looking at the embryo surface and 
corresponding to cell cross-section images. A cell is a 3D structure and as such the 
cross-section images were acquired from three distinct regions along the cell following 
the link between cell and future vesicle. It was observed that the cell cross-section is 
decreasing in size while the vesicle seems to increase in volume, Figure 4.10 C, without 
complete cell ingression. 
 
Figure 4.10 Embryo surface and cross-section images during vesicle formation from epiblast cell. 
Sequence of surface images on the left A), B) and C) and its correspondent cross-sections on the right. 
The three cross-section images were acquired along the cell showing the cell - vesicle connection. The 
vesicle is marked in red on embryos surface images. On cross-section images, the yellow dot indicates 





When a cell prepares to ingress a rosette is formed. The fluorescent signal at the site of 
the rosette is relatively strong, caused by the fact that several cell membranes come 
together around the central ingressing cell. Cell ingression events are usually 
associated with the brightest spots in the acquired images, confirmed by the rosette 
structure formed by the cells. During the many observations performed, and following 
the vesicles near to the primitive streak region, it was evident that there are rosettes in 
which cells appear instead of being sites where cells ingress (Figure 3.10).  
 
Figure 4.11 HH4 chick embryo, rosette giving rise to a cell instead of finishing with a cell ingression. 
Image acquired at 40x magnification. A) Embryo surface, with primitive streak anterior tip surrounded 
by the yellow dashed circle. The red dashed square indicates the region in which the rosette is observed. 
Images with epithelial cells forming the rosette, indicated by the green dashed circle at the beginning of 
the acquisition, after 19 minutes and after 36 minutes, B), C) and D). 
 
In 48 rosettes tracked and followed, for approximately 75 minutes, on 4 
embryos at developmental stage HH4 in regions very close to the primitive streak, 
approximately 80% result in cell ingression events, Table 3-1. While in the remaining 




result in vesicle formation and from the emerging events 30% suggest that a vesicle 
originated from the process.   
Table 4-1 Cell ingression and emerging events observed in 48 cellular rosettes, counted in 4 embryos. 
V indicates confirmation of Vesicle presence in the process. NV indicates confirmation of No Vesicle 
presence in the process. 
Embryo 1 Embryo 2 Embryo 3 Embryo 4 
Ingressing Emerging Ingressing Emerging Ingressing Emerging Ingressing Emerging 
6 4 11 - 8 - 13 6 
V NV V NV V NV V NV V NV V NV V NV V NV 
5 1 2 2 11 - - - 6 2 - - 13 - 1 5 
4.4. Discussion of results 
CLDM is without any doubt a valuable complement to LSFM, with a 
considerable improvement of image contrast as shown in Figures 4.2 and 4.3. These 
improved images allow tracking of individual epiblast cells during their transition to 
future mesendoderm cells. The low maximum frame rate limit (15 frames per second) 
makes it impossible to combine CDLM with the embryo dual scan method to cover a 
broader region on the embryo and will be more useful in the high-resolution 
investigation of cellular events in a smaller area.   
 Release of vesicles by cells, termed abscission, has been previously observed as 
a normal process during delamination of neuroblasts during neurogenesis in the neural 
tube84. The imaging of vesicles on fixed embryos was attempted without success, since 
practically all the vesicles sitting on the embryo’s surface were washed away while 
carrying out the embryo fixation protocol. Origination of vesicles were observed in the 
HH4 embryonic developmental stage as part of and/or consequence of cell ingression. 
It is not yet clear whether this is the same as the abscission process described above or 




vesicles. The fact that the vesicles are fluorescent suggests that these vesicles were 
part of the cells, since chick embryos imaged are from a transgenic line with only the 
membranes labelled. This might be one of the reasons why this process is not well 
documented. Also, it was observed that a great majority of rosettes culminating with 
vesicle formation and cell ingression exhibit a very strong fluorescent signal. It was 
noticed that not all rosettes originate a complete cell ingression, a process already 
observed73, instead some cells come back to the surface. This finding suggests that 
cells located in the epiblast of the embryo might pull back cells that have already 
begun the ingression process or that some cells simply do not end up ingressing 
towards the embryo mid region due to further action-reaction forces on the tissue. For 
the future, a comprehensive analysis of the mesendoderm layers requires the 
development of suitable computational methods to segment and analyse the 3D cell 





5.  DSLM – Bessel beam and 2-photon illumination modes 
Imaging with increased contrast and an increased penetration depth allows the 
tracking of cells flowing from the epiblast surface towards inner regions of the embryo, 
complementing and enhancing the 3D visualisation of cellular behaviours. Due to the 
independent orthogonal conjugation of the illumination and detection axes, LSFM 
offers numerous opportunities to improve and re-design both light-sheet and image 
detection methods/techniques. As discussed previously, two major issues affecting 
image quality in microscopy are scattering and penetration depth4,5,26. With CLDM the 
scattered light, as contributed by out of focus regions along the illumination path, is 
strongly minimised in the images, resulting in images with increased contrast. In this 
chapter, changes are made to the microscope to improve the imaging optical 
penetration depth. To improve penetration depth, two techniques with promising 
results, as described in literature, are used. First, a beam shaping technique is applied 
to modulate a Gaussian beam into a Bessel beam51–53,55,58,81,85,86. Secondly, further 
optical changes are performed and a multiphoton laser is used to apply a 2-photon 
excitation18,38,60,61,87,88 into the transgenic chick embryos expressing a membrane 
targeted GFP. Although not used here, both techniques can be combined into 2-
photon excitation Bessel beams89. 
5.1. Bessel beam light-sheet DSLM 
There is a considerable body of papers detailing the effects of Bessel beam 
light-sheets and their impact on imaging quality81,86,89, however there is a lack of 
information detailing their performance and use in live imaging of real tissues. 




imaging of chick embryos could be seen, it was crucial to use for each beam the 
parameters that would provide the best image contrast, resolution, depth of focus and 
penetration depth. When compared to other embryos such as C. Elegans23,87, 
Zebrafish51 or Drosophila56, chick embryos are a lot larger and structurally more 
complex, giving rise to an increased challenge. Moreover, the chick embryo surface is 
initially flat but in time becomes highly irregular and, additionally, the embryo medium 
is highly scattering. Therefore, the chick embryo provides a good test for Bessel 
reputed increased focus and penetration depth. 
In this project an SLM was used to modulate the Gaussian beam into a Bessel 
beam. The main reason for using a SLM resides in its flexibility and versatility for 
outputting quasi-Bessel beams. Additionally, producing the Bessel beam with an 
annulus results in blocking most of the illumination light, since only a portion of the 
light pass through the annular slit. With the axicon some suggest that it produces a 
Bessel beam with variable axial intensity, while the SLM produces a Bessel beam with 
uniform axial intensity85. Thus, an SLM was introduced to the system to modulate the 
Gaussian beam into a Bessel beam (Figure 5.1). There is a secondary optical pathway 
for the Gaussian beam, allowing direct comparison between the two illumination 
modes. Although, the SLM could be used to output a Gaussian beam56, the aim here is 
to compare the Bessel images with the images acquired with the original system 





Figure 5.1 DSLM with Gaussian and Bessel beam illumination paths. Optical setup top view, with 
sample holder, illumination and detection objectives in side view. The Blue filled line and the blue 
dashed lines represent the Bessel and Gaussian illuminations pathways, respectively. The laser is a 
monochromatic, 488nm. AOTF – Acousto-optic tuneable filter. FM – Flip mirror. M – Mirrors. L1 to L5 – 
Achromatic doublet lenses. ½ λ – Half-wave plate. SLM – Spatial light modulator. P – Pinhole. SL – f-theta 
scan lens. TL – Tube lens. IO – Illumination objective. C – Sample chamber. DO – Detection objective. EF 
– Emission filter. FLi, i=1, …, 5, are the lenses focal lengths, d is the distance between the SLM and L3 (~ 
100 mm) and SLasd is the SL rear edge aperture stop distance. The distance from each TL to the 
corresponding IO/DO is 200 mm. 
 
The microscope software commands and hardware connections are not changed from 
those used in chapter 3. In the set-up, the laser beam passes through the AOTF which 
acts as a shutter preventing unnecessary illumination of the sample when no images 
are being acquired. Flip mirrors are used to switch between Gaussian and Bessel beam 
optical paths. For Gaussian illumination, the beam goes directly to the scanner. For 
Bessel illumination, the Gaussian beam, 0.7 mm diameter, is expanded with a 
telescope (10x) to overfill the SLM’s display, 7.36 mm * 7.36 mm, and its polarisation is 
adjusted with a half-wave plate. To modulate the Gaussian beam into a Bessel beam 
the SLM displays a conical phase mask with an added linear phase shift. For light phase 




angle of approximately 10°. The conical phase slope applied defines the Bessel beam 
central core and depth of focus56. The added linear shift will provide the separation 
between the hologram desired Bessel pattern and the hologram diffraction 
background due to SLM chip pixellation56. The system is shown in Figure 5.1 and L3 
images a ring correspondent to the SLM’s far-field diffraction pattern. As a result of L3 
movement the ring dimensions could be altered, thus to avoid undesirable changes of 
the beam the position of L3 is fixed at a certain distance from the SLM, smaller than L3 
focal length56, in the system from Figure 5.1 the distance is approximately of 100 mm. 
The zero-order diffraction pattern from background, caused by SLM display pixellation, 
and higher-order diffractions are blocked with a pinhole, P, placed in the focus of L3. 
The ring is then imaged onto the scanner with a 6x telescope to fill the entire 
illumination objective back aperture, and produce a Bessel beam with short depth of 
focus, or with a 2x telescope achieving a Bessel beam with longer depth of focus. An f-
θ scan lens, a tube lens and the illumination 10x magnification objective, are used to 
generate and deliver the light-sheet into the sample. The resulting fluorescent signal is 
acquired through another 10x or a 40x magnification objective and a tube lens. The 
fluorescence signal passes through an emission filter and is recorded by the sCMOS 
camera. All the details related to the new devices and parts used in the Bessel 













Company Part Number Specification 
L1 Thorlabs AC254-040-A-ML F = 40 mm 
L2 Thorlabs AC254-400-A-ML F = 400 mm 
1/2λ Thorlabs WPH10M-488 λ = 488 nm 
SLM Meadowlark P512-0532 
512 * 512 XY Nematic SLM 
Display window dielectric 
coating λ: 450-865nm 
L3 (Option1) Thorlabs AC254-150-A-ML F = 150 mm 
P Thorlabs SM1D25 Diameter: 0.8 – 25 mm 
L4 (Option 1) Thorlabs AC254-050-A-ML F = 50 mm 
L5 (Option 1) Thorlabs AC254-300-A-ML F = 300 mm 
L3 (Option2) Thorlabs AC254-200-A-ML F = 200 mm 
L4 (Option 2) Thorlabs AC254-150-A-ML F = 150 mm 
L5 (Option 2) Thorlabs AC254-300-A-ML F = 300 mm 
 
In table 5-1, Option1 and Option2 for the lenses L3, L4 and L5, refer to the 
configurations to completely fill the illumination objective back aperture or not, 
respectively. The images acquired with Bessel illumination shown in the following 
pages were acquired using the lenses Option1 configuration, with the illumination 
objective back aperture completely filled. 
The Bessel beam profile exhibits an extended focus and a central core 
surrounded by several rings, or side lobes, whose contribution degrades image quality 
(Figure 5.2, maximum intensity projection images and beam profile cross-section 





Figure 5.2 Gaussian and Bessel beam maximum intensity projections (MIP) of z stacks taken inside a 
volume of beads, prepared according to section 2.4 of this document, (left) and the beams respective 
cross-section profiles (right) acquired after using a mirror placed at the illumination objective focus. 
The red dashed lines represent the region at which the cross-section profile image were acquired. The 
yellow boxes represent the beams focus range. The side lobes from the Bessel beam are visible on the 
cross-section image. 
 
To minimise side lobe contribution and thus increase Bessel image sharpness, 
synchronisation between light-sheet generation and the camera via CLDM was 
implemented. For instance, solely by imaging the Bessel light-sheet with CLDM (Bessel 
CLDM) the contribution from the side lobes is greatly decreased, Figure 5.3.  
 
Figure 5.3 Gaussian, Bessel and Bessel CLDM light-sheet images (top) acquired after using a mirror 
placed at the illumination objective focus and their respective intensity profile graphs (bottom). The 
images were acquired after reflecting the light-sheet waists on a mirror. 
 
Using the camera CLDM the electronic confocal slit dimensions were kept the 
same as those presented in the previous chapter (4), a width of 5 lines of pixels or 3.25 




As it was stated previously, the Gaussian and the Bessel beams were optimised 
to provide the best images possible. The Gaussian beam was set to give the chick 
embryo’s surface top layer good images, i.e. a beam with 2.2 µm full width at half 
maximum (FWHM) and 45 µm depth of focus. A Bessel beam with the same Gaussian 
central core width would have a depth of focus of 100 µm at FWHM. However, this 
increased depth of focus of the Bessel beam did not cover the chick embryo cross-
section image field of view. Additionally, the image signal degrades with depth. As a 
result of the above, the Bessel beam depth of focus was increased up to approximately 
650 µm with a central core width of 5.7 µm at FWHM, covering the entire field of view 
and providing chick embryo surface images with the same details of an image acquired 
with the short Bessel beam. In comparison, a Gaussian beam with a depth of field of 
approximately 650 µm would have a central core width of 8.4 µm, and the beam 
would diverge as it propagates. Therefore, the Bessel beam was used with a depth of 
focus of approximately 650 µm which increased the chance of seeing a broader region 
of the chick embryo deeper layers, with the embryo surface being imaged with 
acceptable detail. The Gaussian beam used has a width of 2.2 µm at FWHM, since 
widening the depth of focus would lead to an increased beam waist, lowering image 
resolution and enhancing background signal, degrading the image contrast.    
To complement the image analysis, Bessel CLDM images were deconvolved 
(Bessel CLDM Dec.). Deconvolution is used in microscopy to improve image 
sharpness67,90 and is a useful post-acquisition technique for images acquired with non-
diffracting beams51,89, for side lobe contribution minimisation. The Richardson-Lucy 
deconvolution model was used to deconvolve the images. The image processing and 
deconvolution software was implemented in Matlab66,67. The Gaussian images were 




result, this was not implemented further during the Bessel and Gaussian performance 
in chick embryo live imaging. 
From measurements performed in the sample plane the Bessel illumination 
requires approximately five times more intensity than Gaussian to achieve the same 
image intensity. 
5.1.1. Results 
Live imaging of chick embryos at different developmental stages13 HH1, HH3 
and HH5 were performed, using Gaussian, Bessel and Bessel CLDM (Figure 5.4 A). 
Approximately 20 minutes separated the images acquired with different modes. The 
embryo’s surface was extracted from the 3D data followed by segmentation to obtain 
key information about epiblast cell behaviour and dynamics during gastrulation. 
Segmentation was executed using a watershed algorithm3 and performed in a region 
composed of 450-700 cells for all three stages of development (Figure 5.4 C). 
Accordingly, a manual count was made on the segmented cells and the segmented 
errors were obtained (Table 5-2). The segmentation errors were divided into two 
categories: over-segmentation, when a cell is segmented to include one or more cells; 
under-segmentation, when the segmentation fails in segmentation of an individual cell 
(Figure 5.4 B). The error percentages are achieved by dividing the number of errors, for 
over and under-segmentation, by the total number of cells manually determined in the 
segmented region. The errors shown in these mistakes measurements are obtained 





Figure 5.4 Chick embryo surface imaged at 10x magnification objective using Gaussian and Bessel 
light-sheet illuminations, with and without CLDM, and surface segmentation results. A) HH3 embryo 
Icy rendering surface imaged with a Gaussian light-sheet. Yellow dashed ellipse indicates primitive 
streak location. The red dashed frame indicates the embryo region at which segmentation was 
performed. The green arrow indicates the Posterior-Anterior direction. B) Over-segmentation and 
under-segmentation errors examples. The white dots represent cell centroids. The blue lines indicate 
the segmented membrane. C) The top images, show the embryo surface imaged by: Gaussian, Gaussian 
CLDM, Bessel and Bessel CLDM. The last image shows the deconvolution of Bessel CLDM image. The 
bottom images, randomly coloured, show corresponding surface segmentation results. T represent the 
acquisition elapsed time between the first illumination mode used, Gaussian CLDM, and the other 
illumination modes. 
 
Table 5-2 Embryo surface segmentation errors counted manually. Os – Over-segmentation, Us – 
Under-segmentation. NA – Not Applicable. 
 HH1 HH3 HH5 
Os Us Os Us Os Us 
Gaussian  3.6 ± 1.0 % 3.5 ± 0.9 % 3.2 ± 0.3 % 2.8 ± 0.4 % 0.3 ± 0.2 % 0.7 ± 0.5 % 
Gaussian CLDM 2.8 ± 0.0 % 2.5 ± 0.5 % 2.4 ± 0.0 % 2.3 ± 0.5 % 0.7 ± 0.1 % 1.1 ± 0.4 % 
Bessel  NA NA NA NA NA NA 
Bessel CLDM 5.5 ± 0.4 % 5.9 ± 1.8 % 5.9 ± 2.7 % 5.5 ± 0.7 % 5.2 ± 0.1 % 6.3 ± 1.5 % 





The cell membranes are clearly visible with high contrast for both Gaussian modes. 
Segmentation results are slightly better with CLDM with images showing reduced blur. 
The basic raw Bessel image resolution and contrast is too poor for good segmentation, 
consequently CLDM becomes essential for Bessel illumination imaging. Segmentation 
of the Bessel CLDM images revealed results slightly different from the ones presented 
by the two Gaussian modes. Deconvolving the Bessel CLDM images resulted in image 
sharpness and contrast improvements, bringing segmentation results closer to 
Gaussian modes for HH1 and HH3 embryos. 
More experiments and further analysis to assess the benefits of Bessel 
illumination in deeper layers of the chick embryos were performed with the aim of 
imaging cell ingression events and following cells below the epiblast. Segmentation 
results for a portion of the cross-section images are improved by CLDM (Figure 5.5 A). 
Both Gaussian illumination mode segmentation results appear more reliable than 
segmentation made on any of the Bessel illumination modes, although a segmentation 
of the complete epiblast cross-section layer was not possible in any of the modes. As a 
result of the image contrast degradation at depth complemented by the weakness of 
the fluorescent signal after traveling through a few layers of cells, it is not possible to 
clearly see the epiblast bottom layer.  Due to the electronic slit, Gaussian CLDM and 
Bessel CLDM modes reduce the considerable blur and fuzziness of the images, and the 
Bessel CLDM deconvolved image shows an enhanced contrast compared to Bessel. 
This is verified by the left hand graph plotted in Figure 5.5 B, where a fast intensity 
decay for Gaussian CLDM and Bessel CLDM deconvolved indicate an enhanced 
sharpness when compared to the other modes. This metric measures the intensity on 
the embryo’s surface cross-section images as the function of depth. The second metric, 




ratio38. This ratio was computed for a 3D stack portion of the embryo at HH3 (cross-
section images in Figure 5.5 A). The plot on the right-hand side of Figure 5.5 B shows 
that for all modes at the same depth higher contrast is provided by Gaussian CLDM 
and Bessel CLDM deconvolved. This is evidence that these modes show good 
resolution of structures inside the deeper layers of the embryo.  
 
Figure 5.5 HH3 embryo cross-section images acquired with Gaussian and Bessel illumination modes, 
their segmentation results and the Intensity and Useful contrast plots. A) Top images are the embryo’s 
cross-section images of the thick cell layer close to the primitive streak, imaged at 10x, acquired by: 
Gaussian, Gaussian CLDM, Bessel and Bessel CLDM. The last image shows the deconvolution of the 
Bessel CLDM image. Bottom images, randomly coloured, show the segmentation results. B) Graphs 
representing the images signal intensity and useful contrast as function of the penetration depth. T 
represents the acquisition elapsed time between the first illumination mode used, Gaussian CLDM, and 





   In addition to the earlier stage embryos, up to HH3, embryos at a later 
developmental, HH10, were imaged, as can be seen in Figure 5.6. 
 
Figure 5.6 Cross-section images from a HH10 developmental stage embryo. The images were acquired 
by Gaussian and Bessel illumination modes at 10x magnification objectives. The embryo’s future neural 
tube and somites are indicated by the red and blue dashed arrows, respectively. The white square in the 
left-hand images is zoomed out on the right-hand images, the region highlights the cellular structural 
complexity of the embryo at later stages of development, e.g. HH10. T represents the acquisition 




Figure 5.6 shows a section of the embryo’s neural tube and somites, red and 
blue arrows, respectively, with the Bessel CLDM deconvolved mode of operation giving 
the image with the widest focal range covering most of the embryo. The layer of cells 
from the embryo surface inside of the zoomed white squares are best resolved by 
Bessel CLDM deconvolved. In Figure 5.6, the influence of the CLDM on Gaussian 
illumination conditioning the amount of signal collected in depth is clearly seen. The 
signal strength is higher inside the focus, located at the surface of the embryo, and 
confined to that region with fast degradation outside of the focus.  
Figure 5.7 shows another two examples where the Bessel CLDM deconvolved 
mode of operation, overall, is more successful in resolving structures in deeper layers 






Figure 5.7 Cross-section images from two distinct regions, Region I and Region II, inside of a HH10 
developmental stage chick embryo. The embryo was imaged with Gaussian and Bessel illuminations, 
with CLDM for both illumination modes at 10x magnification. The Bessel images were deconvolved 
(Dec). T represents the acquisition elapsed time between the Bessel CLDM Dec and the Gaussian CLDM 
illumination modes.    
 
However, it is not known whether this is a consequence of a wide focal range or 
due to an increased penetration depth. Regardless, the improvement brought about 
by Bessel illumination is not sufficient for cell tracking or segmentation, because the 




5.2. 2-photon light-sheet DSLM  
To implement the 2-photon illumination mode in the original 1-photon 
illumination mode system, illustrated in Figure 3.1, changes were made to the optical 
pathway (Figure 5.8). Details of the tuneable laser, lenses, scan lens, illumination tube 
lens and emission filter used are given in Table 5-3.  
 
Figure 5.8 DSLM set-up, incorporating two illumination pathways: 1-photon and 2-photon illumination 
modes. The blue dashed lines and the red line represent 1-photon and the 2-photon excitation 
pathways, respectively. For 1-photon excitation: the laser is monochromatic 488 nm; the AOTF working 
as a shutter can control up to 8 wavelengths simultaneously; M – Mirror. For 2-photon excitation: the 
tuneable pulsed laser outputs the beam with wavelength ranging between 720-1010 nm; L1 and L2 – 
Lenses; M – Mirror; SL – Scan Lens. In the side view: TL – Tube Lens; M – Mirror; IO – Illumination 
Objective; C – Chamber holding the embryo; DO – Detection Objective; 3D stage to position and move 











Table 5-3 Details of new devices and parts used in DSLM 2-photon illumination pathway, illustrated in 
Figure 5.8. λ – Wavelength, F – Focal Length. 
Devices / 
Parts 






λ: 720-1010 nm 
Output power (λ = 800 nm): 1.5 W 
Pulse duration: 140 fs 
Repetition rate: 80 MHz 
L1 Thorlabs AC254-150-B-ML F = 100 mm 
L2 Thorlabs AC254-300-B-ML F = 250 mm 
SL Thorlabs SL50-CLS2 
λ: 450-1100 nm 
Pupil entrance diameter: 4 mm 
Distance from pupil entrance to 
scan lens: 37.8 mm 
Working Distance: 26.4 mm 




DC/ET750sp-2p8 λ: 400-745nm 
 
There are no changes required for the software commands and hardware 
connections from those used in chapter 3. In the optical set-up, a second beam path is 
inserted to direct 2-photon excitation towards the sample. A 2x telescope is placed 
after the tuneable laser, L1 and L2 in Figure 5.8, to control the beam focus extension to 
give a complete fill of the illumination objective back aperture. The scan lens used was 
provided by Thorlabs, model SL50-CLS2, it can be used for wavelengths ranging 450-
1100 nm with a working distance of 26.4 mm. One flip mirror is used to switch 
between the 1-photon and 2-photon illumination modes.  
For 2-photon excitation the laser emits a high power pulsed beam at 800 nm 
with 1.5W. Therefore, extra-care needs to be taken in illuminating biological samples 
for live imaging since this dose of energy, when absorbed by the sample, can 
compromise embryonic development. This leads to a trade-off between laser power 
and image exposure time, influencing the image acquisition frame rate. As a reference 




of 400 * 900 pixels was exposed for 150 ms, for a wavelength of 940 nm with 100 mW, 
using a very low frame rate of 7 frames per second. Due to the low efficiency of 2-
photon excitation there are two ways in which it is possible to increase the fluorescent 
signal collection. The first option was to increase the beam intensity, if possible, 
because the output power of the laser used in this project was dependent on the 
wavelength, with higher wavelengths resulting in a lower output power. The second 
option was to keep the laser power constant and to increase the camera exposure 
time, thus decreasing the acquisition frame rate. Because the laser power intensity 
was not controlled, the latter option was the only option available to increase the 
fluorescent signal of the live images acquired and presented in the following pages. At 
low frame rates the 1-photon illumination beam the laser output power used range 
was 0.1-1 mW, to avoid saturation of the sCMOS camera for an exposure time of XXX 
ms. With 2-photon illumination mode the laser output power range was 0.8 to 1.5 W, 
and no saturation of the sCMOS camera was observed, again for an exposure time of 
XXX ms.  
To image the embryo with 2-photon and 1-photon illumination modes the 
frame rate was kept the same, although the laser output powers were different. The 
two laser output powers cannot be matched, since the power delivered with 2-photon 
illumination is not controlled and the power delivered with 1-photon illumination is 
limited to 20 mW, i.e. 2.5% of 0.8 W.  Additionally, the intensity power after the 
illumination objective (Figure 5.8) was measured for 2-photon and 1-photon 
illumination modes and, approximately, only 17% and 30%, respectively, of the output 
laser power reaches the sample.  
Images of the Gaussian beam profile generated by 1-photon and 2-photon 




plastic beads (0.2 μm), revealed the expected longer beam with 1-photon excitation 
(Figure 5.9) since the out of focus light is also recorded whilst with 2-photon excitation 
the signal comes, mostly, from the focus. This figure highlights the intrinsic 
characteristic of 2-photon excitation: low out of focus fluorescent signal before and 
after the focus, in contrast to 1-photon excitation. The 1-photon light-sheet in a 
medium with beads covers an area of beads approximately 5 times larger than the 
area illuminated by 2-photon light-sheet, since in Figure 5.9 both scanned beams are 
sent to the same medium filled with beads and with 1-photon illumination all the field 
of view shows the beads and with 2-poton illumination only the beads inside the beam 
focus are imaged (Figure 5.9, the red rectangle is approximately one fifth of image 
height). 
 
Figure 5.9 1-photon and 2-photon excitation beam profiles in fluorescein solution and volume of 
beads (prepared according to section 2.4 of this document), and their respective light-sheets 
illuminating a medium filled with plastic beads (0.2 µm). In the fluorescein images the beam is sent 
directly into the medium, the same happens in the beads left hand images. In the beads right-hand 
images’ the image is acquired during a beam scan along the y axis direction, forming the light-sheet. The 






Following the quest to optimise the DSLM microscope images, 2-photon 
excitation was implemented on the system as it was expected to achieve a better 
compromise between penetration depth and image contrast with this illumination 
mode when compared to images achieved by 1-photon excitation. Embryos at 
developmental stage HH1 were imaged using a 10x magnification detection objective 
(Figure 5.10 A, embryo surface and cross-section images). The image acquisition 
elapsed time between the 1-photon and 2-photon illumination modes is 3 minutes. 
The images were acquired at approximately 5.5 frames per second. For 2-photon 
illumination an excitation wavelength of 960 nm with the laser output average power 
of 0.8 W was used, while for 1-photon illumination an excitation wavelength of 488 nm 





Figure 5.10 Chick embryo at developmental stage HH1 imaged with 1-photon and 2-photon 
illumination modes, and their respective Intensity and Useful contrast plots. A) Embryo surface and 
cross-section images, top and bottom, respectively. The images were acquired with 1-photon and 2-
photon illumination modes, left and right-hand set of images, respectively. The red dots indicate the 
same cells in both images. T is the 3D stack acquisition elapsed time between 1-photon and 2-photon 
illumination modes. B) Intensity and Useful contrast graphs dependent on embryo depth, left and right-
hand sides, respectively. Blue line – 1-photon illumination and red line – 2-photon illumination.  
At HH1 the primitive streak is not yet formed. The images show a reduced background 
in the case of 2-photon excitation illumination image visual observation. This 
observation is supported by the Intensity graph in Figure 5.10 B showing a rapid 
intensity signal decay for 2-photon and a slow intensity decay for 1-photon. The rapid 
decay of intensity in depth for 2-photon excitation is due to the light absorbed and 
scattered after the embryo epiblast’s first layers in combination with its localised 
excitation to the focal plane of the light-sheet. As a result, most of the 2-photon 




epiblast. While 1-photon illumination excites fluorophores before and after the focal 
plane of the light-sheet with out of focus light, in turn reducing the image contrast by 
increasing substantially the background signal. Note that at depth = 40 µm 1-photon 
intensity is almost 5x lower than the 2-photon intensity. The Useful contrast graph in 
Figure 5.10 B, shows that 2-photon illumination mode offers approximately 4% more 
contrast than 1-photon illumination. 
Embryos at developmental stage HH4 with a visible primitive streak were 
imaged as well, Figure 5.11 A, at 5.5 frames per second. For 2-photon illumination a 
wavelength of 960 nm and 0.8 W laser output average power was used and for 1-
photon illumination mode a 488 nm and 0.2 mW laser output power was used.  
 
Figure 5.11 Chick embryo at developmental stage HH4 imaged with 1-photon and 2-photon 
illumination modes, and their respective Intensity and Useful contrast plots. A) Embryo surface and 
cross-section images, top and bottom, respectively. The images were acquired with 1-photon and 2-
photon illumination modes, left and right-hand set of images, respectively. The blue rectangles are 
confining the same cells in both images. The red dashed circles show the primitive streak in the cross-
section image. The green arrow points to the Posterior -> Anterior direction. The yellow squares show 
the region from which a 3D volume was cropped to perform Intensity and Useful contrast plots. T is the 
3D stack acquisition elapsed time between 1-photon and 2-photon illumination modes. B) Intensity and 
Useful contrast graphs dependent on embryo depth, left and right-hand sides, respectively. The graphs 
were plotted over a volume cropped from the embryo images 3D stack (yellow square). Blue line – 1-




For an embryo in developmental stage HH4 imaged with the two illumination modes 
as shown in Figure 5.11 A, the visual observation of the images background looks very 
similar for both modes. This is verified in the Intensity graph in Figure 5.11 B where the 
2-photon illumination intensity decay is not significantly faster than the intensity decay 
provided by 1-photon illumination. In the cross-section images the same cells are 
imaged (region inside the blue rectangles) with an elapsed time of 3 minutes and the 
image acquired with 1-photon illumination resolves better at the embryo surface cell 
boundaries than the image acquired with 2-photon illumination. Additionally, 2-
photon offers only slightly better contrast than 1-photon, i.e. in less than 1% better 
contrast than 1-photon illumination mode (Figure 5.11 B Useful contrast graph). 
Again, segmentation errors in surfaces imaged with 1-photon and 2-photon 
illumination modes were measured considering over and under-segmentation errors 
were analysed for the Gaussian and Bessel images as in chapter 5.1. This evaluation of 
the illumination mode that provides better data to segment is performed using 
Watershed principle. The surfaces analysed confine 475-600 cells. Segmentation error 
results are presented in Table 5-4 for embryos in developmental stages HH1 and HH4. 
Table 5-4  Embryos on developmental stages HH1 and HH4 surface segmentation errors counted 
manually. Os – Over-segmentation, Us – Under-segmentation.  
 
HH1 HH4 
Os Us Os Us 
Gaussian 1-photon 3.8 ± 2.1 % 10.2 ± 3.0 % 1.0 ± 1.0 % 9.4 ± 3.3 % 
Gaussian 2-photon 1.7 ± 1.1 % 13.2 ± 5.1 % 0.2 ± 0.1 % 7.9 ± 2.3 % 
 
The results from Table 5-4, clearly show that 2-photon excitation results in 
fewer segmentation errors for embryos in developmental stage HH4, for example it 




For an embryo at HH1 developmental stage, 2-photon excitation offers two-fold less 
segmentation errors than 1-photon excitation. However, for both embryos at HH1 and 
HH4, there is no significant difference between the under-segmentation errors. 
Remembering that, for over-segmentation a single cell is segmented more than once 
and for under-segmentation some cells are not segmented. Then, the success of 2-
photon illumination mode in showing less over-segmentation errors rises from the fact 
of having significant low levels of background. While the under-segmentation errors 
are more related to the fluorescent signal yield by each cell membrane, which varies 
from cell to cell. This is also visible in Table 4-1, for embryos in developmental stages 
HH1 and HH4 imaged with Bessel illumination CLDM upon deconvolution, at which 
proportionally the contrast improvement results in less over-segmentation errors 
when compared to the benefits attributed to under-segmentation errors. 
To analyse the penetration depth provided by 2-photon illumination mode late 
stage developed embryos, with a beating heart, were imaged (Figure 5.12). However, 
there was no intention on imaging the beating heart or synchronising it with the image 
acquisition process41. From the cross-section images of the chick embryo heart, 2-
photon illumination mode, 900 nm (1.51 W), better resolves the cells surrounding the 
heart, while 1-photon illumination mode, 488nm (0.5 mW), penetrates deeper into the 
embryo, giving a better perspective of the heart and its structures, although the image 
is very noisy. The heart is located a few tens of μm below the embryo surface. The 





Figure 5.12 Chick embryo at developmental stage HH12 heart cross-section images, acquired with 1-
photon and 2-photon illumination modes, A) and B), respectively. 
Figure 5.13 shows the chick embryo notochord and somites, yellow dashed 
ellipses and white circles, respectively. The notochord cross-section images agree with 
observations of the heart cross-section images, i.e. 2-photon illumination, 940 nm (1.1 
W), better resolves structures in the first layers of the embryo, though at deeper levels 
it covers a smaller region of the embryo when compared to 1-photon excitation.  
 
Figure 5.13 Chick embryo at developmental stage HH12 notochord cross-section images, acquired 
with 1-photon and 2-photon illumination modes, A) and B) respectively. The yellow dashed ellipses 
surround the notochord. The white dashed circles surround the somites. The red and green dashed 
rectangles highlight the regions zoomed in on the right side of the cross-section images, A and B. The 




5.3. Discussion of results 
It has been shown that chick embryo Bessel beam light-sheet live imaging gives 
poorer resolution when compared to Gaussian beam light-sheets51, mainly due to the 
Bessel side lobes contribution. As a result, it is not surprising to see the superior 
performance of the embryo surface segmentation in images acquired with Gaussian 
illumination modes. Deconvolution improves the Bessel CLDM images, bringing the 
image sharpness and contrast levels closer to the images obtained with Gaussian 
CLDM images (Figure 5.5). However, it is necessary to perform extra post-acquisition 
processing task (deconvolution), while obtaining Gaussian images is more straight 
forward. 
What was not known was whether the Bessel beam generated extended focus 
and increased penetration depth would work in thick and complex structures such as 
chick embryos. Looking at the cross-section images from a few cell layers there is no 
evidence that Bessel CLDM deconvolved shows higher penetration depth than 
Gaussian CLDM (Figures 5.5). This reveals that Bessel illumination’s non-diffracting 
property is limited by few layers of cells confined in a thick epiblast. Hence, it was 
decided to live image late stage developmental embryos, HH10, to evaluate the 
Gaussian CLDM and Bessel CLDM deconvolved performance for structures in the 
embryo’s deeper layers (Figures 5.6 and 5.7). The gain provided by Bessel beam 
illumination was not considered substantial enough to use in post-acquisition analysis 
such as segmentation. Although, this research shows that Bessel beam illumination 
works better for imaging structures just below the first few cell layers of the embryo’s 




challenge of imaging a mammal’s representative complex model system such as chick 
embryos. 
All the images acquired are very dependent on the fluorescent signal provided 
by the chick embryo. The fluorescent signals vary considerably from embryo to embryo 
(Figure 3.1). Using 2-photon illumination mode the images are also dependent on the 
efficiency of the 2-photon excitation of the fluorophore. This makes the imaging 
process complex. To increase the 2-photon excitation efficiency the flux of photons 
must increase, and this can be done by increasing the laser power. The other way of 
increasing the fluorescent signal collection can be done by extending the image 
exposure time. This leads to a decreased frame rate and high-power leads to a 
decreased lifetime of the sample during in vivo imaging. This makes 2-photon 
excitation impracticable to use for fast live imaging, at least at 12 frames per second, 
covering a region of the chick embryo with 4 mm extension for tens of hours. In 
addition, embryo dual scan needs a frame rate of at least 25 frames per second. At low 
frame rates in large samples live imaging considerable events and processes happening 
in the embryo will not be captured. 
Through a direct comparison between 1-photon and 2-photon illumination 
modes, looking at the 2D projections of the imaged embryos surface and their 
correspondent cross-section images, 2-photon illumination has better contrast, almost 
4% for HH1 and less than 1% for HH4 developmental stages than 1-photon illumination 
in chick embryos (Figures 5.10 and 5.11). This suggests that for embryos developing at 
later stage HH4 the benefits of using 2-photon illumination decrease substantially. 
Overall, the segmentation results are better for 2-photon illumination than 1-photon 
illumination, with five-fold and approximately two-fold less over-segmentation errors 




The slight improvement provided by 2-photon illumination in penetration 
depth allows the visualisation of cells at deeper layers of the embryo (Figures 5.13 and 
5.14), although the highlighted regions have low contrast and the cells will not be 
correctly segmented, as with the Bessel’s illumination images, and the 2-photon 
illumination depth of focus is limited. The combination of 2-photon excitation and 
Bessel beam is, naturally, the next step to follow. Bessel gives an extended focus and 
an extended penetration depth, while 2-photon gives the higher contrast and an 
intrinsic capability of reaching the embryo deeper layers, due to the long wavelength. 
The final question for live imaging the challenging chick embryo: are better results 
achieved using 2-photon Bessel or CLDM Bessel? It is proposed that the best technique 
to implement would be 2-photon CLDM Bessel beam illumination mode. This results in 





6.  Dual detection - illumination DSLM 
The motivation for this project was to push LSFM to its limits for live imaging of 
chick embryos to support the study of the gastrulation process in early developmental 
stages up to primitive streak complete formation, looking at the tissue and in detail the 
cell-cell dynamics and their mechanical interactions. In order to accomplish this, the 
cells were followed by observing the embryo surface images and embryo cross-section 
images (see previous chapters). However, the embryo becomes undulated during 
development and this occurs everywhere within the embryo, possibly leading to 
situations at which the light-sheet becomes parallel to portions of the embryo surface 
making light-sheet sample sectioning less efficient. This can be prevented by sectioning 
the embryo from different views and the fusion of these views leads to a better 3D 
reconstruction of the imaged volume. This is possible because LSFM is a very fast 
technique. 
Chapter 5 discussed how Bessel beams and 2-photon light-sheets are used to 
improve image contrast and penetration depth considering the unique properties of 
these illumination modes. This chapter discusses further re-designing and building of 
an improved and fully automated DSLM, the dual detection-illumination DSLM. Multi-
view LSFM is well described and documented by the LSFM community4,5 and can be 
performed by sample rotation20, and/or by increasing the number of illumination36 and 
detection objectives29. In this research this was done through building a new optical 
system and using two objectives and working sequentially or simultaneously for 
illumination and detection91,92. The acquired images from two orthogonal views were 
merged together31, resulting in better image contrast and decreased image 




Imaging the sample with two orthogonal light-sheets results in the 
minimisation of the imaging “shadowing” effect. It has been mentioned that during 
development the chick embryo becomes more and more contorted, leading to 
situations in which the light-sheet is almost parallel to the embryo surface. The 
resulting image has shadowing on the embryo surface created by the almost parallel 
illumination. Another view or a second orthogonal illumination of the same region 
minimises the shadowing effect, as is shown in Figure 6.1.
 
Figure 6.1 Shadowing effect minimisation with 2di-DSLM. A) In a DSLM, the red light-sheet cross-
section indicates a situation at which the light-sheet is almost parallel to the embryos surface, due to its 
curvature, leading to a shadowing effect on the image. B) Minimisation of the shadowing effect occurs 
in 2di-DSLM, where the dashed light-sheet cross sections bisect the embryo’s surface at the regions 
where shadowing effect occurs on the DSLM, in red. 
 
Since the chick embryos are illuminated at a 45° angle and the embryo is kept 
inside a chamber65, sample rotation would require complex engineering and re-design 
of the embryo chamber. Additionally, attention would need to be paid to the albumen 
medium within which the embryo is submerged, which needs to be steady to avoid 
imaging distortions due to liquid movements. Dual illumination-detection91 requires a 




procedure is affected, leading to changes in the microscope software to acquire 
images either sequentially or simultaneously. 
6.1. Dual detection - illumination DSLM set-up and software 
A new optical set-up was developed with the two objectives used in an 
alternating fashion for detection and illumination, leading to the dual detection-
illumination DSLM (2di-DSLM) illustrated in Figure 6.2. In the optical set-up, instead of 
using two independent galvo mirrors or a galvo mirror combined with a 50:50 beam 
splitter to generate the light-sheets, a Knife edge prism was used. The advantage of 
the Knife edge prism is a single piece with two mirror surfaces placed orthogonally to 
each other. 
 
Figure 6.2 2di-DSLM microscope optical set-up. The blue solid line and the blue dashed line represent 
the sequential mode illumination. The green solid line and the green dashed line represent the 
sequential detection mode. The laser outputs a 488nm beam; M – Mirror; L1 and L2 are the Lenses on 
the beam expander telescope; Scanner, using two galvo-mirrors, scans the beam along two axes; SL – 
Scan Lens; DC – Dichroic mirror, reflecting wavelengths below 505nm and transmitting all the 
wavelengths above; EF – Emission Filter for GFP. On the side view: TL – Tube Lens; M – Mirror; IO – 
Illumination Objective; C – Chamber holding the embryo; DO – Detection Objective; 3D stage to position 
and move the sample. The Knife edge prism with two mirror surfaces is zoomed inside the black square, 
where the two mirror faces are pointed out. The distance between the SL and the TL is equal to the sum 
of their respective focal lengths, fSL + fTL , fSL = 160 mm and fTL = 200 mm. The distance from the camera 





Note that on the system presented there are no shutters for the laser beam, 
this means the laser is always ON. When images are not being acquired the scanner 
galvo-mirrors deviate the laser beam from the sample.  
Details of the devices and optical parts used in the system illustrated in Figure 
6.1 are given in Table 6-1. 
Table 6-1 Devices and parts used in the 2di-DSLM set-up illustrated in Figure 6.2.  
Devices / Parts Company Part Number Specification 
Laser Melles Griot 643-RYB-A02 
Air-cooled Krypton:Argon  
λ = 488nm, 568nm and 647nm 
Mirrors Thorlabs PF10-03-P01 Protected Silver Mirror 
L1 Thorlabs AC254-050-A-ML F = 50 mm 
L2 Thorlabs AC254-100-A-ML F = 100 mm 
Mirrors Thorlabs PF10-03-P01 Protected Silver Mirror 
Knife Edge 
Prism 
Thorlabs MRAK25-P01 Protected Silver Mirror Surfaces 
Scanner SCANLAB SCANcube 7 
λ: 450 - 2500 nm 
XY Scan 
Scan Lens SCANLAB 100829 
F = 160 mm  
Optimal λ = 532 nm 
λ = 488 nm: Transmission > 90% 
Tube Lenses Thorlabs TTL200 
F = 200 mm 
λ: 350 - 700 nm 
Objective 10x Nikon N10XW-PF NA = 0.3 / WD = 3.5 mm 
Dichroic 
Mirrors 
Chroma T505lpxr Long pass filter, λ = 505 nm 






Pixel: 6.5 µm * 6.5 µm 
Chip: 2048 * 2048 pixels 







Max Velocity = 250 mm/s 
Resolution = 20 nm 





To build a more compact and robust system requiring minimal adjustments 
with accurate alignment, two arms were designed. The arms hold both illumination 




tube lenses and objectives are placed at the exact locations in the arms to deliver an 
aligned laser beam and light-sheet at a 45° angle to the sample.   
 
Figure 6.3 Illustration of the 2di-DSLM arms holding: tube lens, mirrors and objectives. 
 
The microscope arms are independent from each other as illustrated in Figure 6.3. This 
means that during the system alignment, the arms need to be brought together to the 
exact position at which the two light-sheets intersect at a 90° angle. The objectives’ 
focus need to be positioned exactly at the intersection of both light-sheets, for both 
arms. Therefore, the focus plane of the two arms is coincident assuring that both are 
imaging the same object. 
The software to control the microscope was written in C++. The acquisition of 
images is made through software commands and hardware TTL connections. The 
scanner controls camera1 through a TTL connection. The scanner TTL signals are Mark 
and Jump, which refer to Low and High voltages for TTL signalling, respectively. For 




user. With the Mark signal the laser beam is scanned along the knife edge prism 
mirrored surface to produce the light-sheet for Camera1 and with the Jump signal the 
laser beam is scanned along the second mirrored surface of the knife edge prism to 
produce the light-sheet for Camera2. For reference, when the scanner controls the 
laser through hardware connections, which is not the case of the presented system, 
Mark is usually used to turn ON the laser beam and Jump to turn it OFF.  
Camera1 controls Camera2 through another TTL connection. After acquiring a 
set of frames defined by the user, a 3D stack with all the frames from each camera is 
saved on the hard disk of the control PC. The process is similar to the one used by the 
DSLM system, presented in the second chapter, for image acquisition. During an 
experiment, the 3D stage can be moved in a step by step motion or in an automatic 
mode called the profile mode. The stepping mode is controlled and commanded by the 
software and it is slower than the profile mode. In the latter mode, due to a special 
feature of the 3D stage, the stage can hold in a position after performing a movement 
of defined step. For example, the stage can perform 2000 steps of 1 μm, each step 
being executed in 5 milliseconds with the position being held for 10 milliseconds after 
each step. The steps are automatically performed every 15 milliseconds. The step size, 
the number of steps, the time to perform each step and the time to hold a position 
after each step are determined by the user.  Once the stage is in the holding position 
the frames can be acquired. Both 3D stage operation modes are initialized by software 
commands, exactly before the scanner starts forming the light-sheet. Ideally, the 
Scanner would trigger the stage to start the motion.  
The 3D stage and scanner are controlled by software commands, while 





Figure 6.4 2di-DSLM devices triggered by software, 3D Stage and Scanner, and devices triggered by 
hardware TTL connections, Camera1 and Camera2. The scanner is always triggered after the 3D stage, 
as indicated by the red arrow. The scanner triggers camera1 through a TTL signal, and camera1 triggers 
camera2 through another TTL signal, indicated by the blue arrows. 
 
The microscope operates in two acquisition modes: simultaneous or sequential, as 
illustrated in Figure 6.5. 
 
Figure 6.5 Microscope Scanner, Cameras and Stage operation during image acquisition modes: 
simultaneous and sequential, illustrations A and B respectively. KEP - Knife Edge Prism. A) In 
simultaneous mode, Camera1 and Camera2 exposure occurs at same time. The plot at the bottom 
illustrates the sample illumination time, It, the stepping time, St, the stage step size, ∆X, and the sample 
position depending on time, X (time). The Light-Sheet (LS) is sent to cover both mirror faces of the KEP 
at once. B) In sequential mode, Camera1 and Camera2 exposure occurs in sequence. The plot at the 
bottom illustrates the sample illumination time for Camera1 and Camera2, It1 and It2, the stepping 
time, St, the stage step size, ∆X, and the sample position depending on time, X (time). The first Light-
Sheet (LS1) is sent to the first mirror face of the KEP and once Camera1 has finished exposing the second 
Light-Sheet (LS2) is sent to the second mirror face of the KEP and Camera2 starts exposing.  
In simultaneous mode ideally both cameras would collect images at the same time, 
requiring the two light-sheets to be delivered through the sample at the same time as 




camera2, this means that both cameras are exposing all the time in the simultaneous 
mode when the scanner is forming the light-sheet across the knife edge prism 
reflective faces. In the sequential mode, the cameras are exposing sequentially in time. 
Camera1 is the first to take an image and once its exposure finishes the exposure of 
camera2 is initiated with the cameras never exposing at the same time. The scanner 
Mark and Jump commands are designed to control laser beam intensity during the 
scanning process, which is not the case in the current 2di-DSLM microscope. These 
Mark and Jump TTL signals are used to trigger the cameras. Camera1 is triggered by 
the Mark command provided by the scanner. Camera2 receives its trigger from 
camera1 as outlined in Figure 6.4. 
6.1.1.  Results 
Initially the intention was to use a 50:50 beam splitter, but the 2di-DSLM optical 
set-up did not include light shutters limiting the beam splitter usage to simultaneous 
acquisition. Therefore, the beam splitter could not be used for sequential imaging. As a 
solution a knife edge prism was used to operate the microscope in sequential and 
simultaneous acquisition modes (Figure 6.6) without requiring the incorporation of 
shutters into the system (Figure 6.2).  
 
Figure 6.6 Plastic beads (prepared according to section 2.4 of this document), 0.5 µm, cross-section 
images acquired with 2di-DSLM in simultaneous and sequential modes, A) and B) images, respectively. 
Due to misalignment issues the cross-section field of view was partially filled and the yellow dashed 




The empty space on the left side of the cross-section images in Figure 6.6, confined by 
the yellow dashed square, occurs due to microscope misalignment issues on the 
detection and illumination objectives field of views intersection at the same plane. The 
light-sheets bisecting the sample are not coincident since Camera1 cross-section 
images are not coincident with Camera2 cross-section images. The microscope arms, 
illustrated in Figure 6.3, had manufacturing defects which caused displacement of the 
optical parts, including tube lenses, mirrors and objectives, from the exact location at 
which the parts would maintain the correct beam alignment inside the arms. The knife 
edge prism is a prism with two reflective surfaces, with the exact same dimensions, 
placed orthogonally in relation to each other forming an edge. Due to the knife edge 
prism geometry, it is not possible to use exact simultaneous illumination onto the 
sample or two light-sheets being delivered in at the exact same time into the sample. 
The solution was to expose both cameras at the same time, while the light-sheets in 
both arms are formed by the scanner travelling from one reflective surface of the knife 
edge towards the other reflective surface.  
Referring to the images shown in Figure 6.6, the background signal present in 
the images acquired with the simultaneous mode is substantially minimised by 
changing the acquisition mode regime to sequential. A ruler was imaged by the two 
objectives ensuring that both were focused into the same plane. Therefore, the 2di-
DSLM was used to image the chick embryo in an area where it could be ascertained 






Figure 6.7 2di-DSLM chick embryo at developmental stage HH3 surface images acquired in sequential 
acquisition mode. The blue and red dashed rectangles are the correspondent zoomed regions close to 
the anterior tip of the primitive streak, below each embryo surface image. The dashed yellow circle 
surrounds the primitive streak and the green arrow points towards the Anterior –> Posterior direction. 
In Figure 6.7 the chick embryo surface images from Camera1 and Camera2 show the 
same region of the embryo, considering that it is hard to identify the same cells 
imaged by both cameras. The images confirm that the two arms, and consequent light-
sheets, were not properly aligned. Other evidence of the system misalignment is 
visible on the chick embryo cross-section images, in Figure 6.8. The cross-section 
images from camera1 and camera2 have very few common or similar cells and details. 
The primary mechanisms for co-locating images relies on the position of the primitive 






Figure 6.8 2di-DSLM chick embryo at developmental stage HH3 cross-section images, acquired in 
sequential acquisition mode. The dashed yellow ellipse surrounds the primitive streak furrow. 
6.2. Discussion of results 
Due to a misalignment issue, it is difficult to fully assess or discuss the results 
offered by 2di-DSLM in direct comparison to the ones provided by DSLM. As shown in 
the images in Figures 6.7 and 6.8, 2di-DSLM has less background signal with the 
sequential acquisition mode than with simultaneous acquisition mode. The knife edge 
prism is a better solution than the 50:50 beam splitter using the sequential acquisition 
mode, when light shutters are not being used. Whilst acquiring images in simultaneous 
mode both cameras are exposing for the exact same time, but the light-sheet travels 
from the first reflective surface of the knife edge prism towards the second reflective 
surface. Thus, a 50:50 beam splitter is required for true simultaneous mode operation, 
where both light-sheets are delivered into the sample at same time as the images are 
collected. However, simultaneous imaging would result in increased background 
signal, even if appropriate dichroic mirrors and a dedicated GFP emission filters are 
used.  
The 2di-DSLM concept and design was challenging, due to the complexity of the 




microscope. After careful examining of the two arms used in the microscope it was 
found that the holes holding the mirrors, tube lenses and objectives were positioned 
incorrectly. The imperfections in the positioning of these critical components was 
enough to compromise the correct dual view image acquisition. However, this chapter 
shows efforts to design a robust and compact 2di-DSLM optical set-up and exhibits its 
preliminary imaging results (Figures 6.6, 6.7 and 6.8). For the near future, the best way 
to improve the 2di-DSLM system compactness and alignment would rely on accurate 
manufacturing of the two 2di-DSLM arms (Figure 6.3) in the same block with the exact 





7.  Conclusions 
There is no novelty in using LSFM to live image chick embryo development up 
to primitive streak formation3. This project aimed to improve a DSLM microscope to 
acquire chick embryo live images with increased: contrast, sharpness, penetration 
depth and depth of focus. The microscope improvement would allow further study of 
the chick embryo cell-cell chemical and mechanical signalling during the gastrulation 
process. The chick embryo is quite a challenging model system due to its low 
transparency, millimetric size, thickness and structural complexity, when compared to 
the most usual embryos live imaged with LSFM, e.g. C. Elegans, Drosophila or 
Zebrafish.   
The novelty of this project lies in the approach followed to reach the project 
goals, leading to live imaging of the chick embryo through the incorporation of known 
techniques into the basic DSLM microscope set-up, i.e. a known detection technique 
(CLDM) and two known illumination modes (Bessel beam and 2-photon), and through 
building a dual illumination-detection DSLM microscope. 
 The changes and optimisations made to the DSLM microscope optical set-up, 
software and hardware communications resulted in images with increased: contrast, 
sharpness, penetration depth and depth of focus. In addition, the optimisations and 
changes made to the microscope increased acquisition speed and dual colour 
capability. 
 
High speed DSLM enables whole embryo in vivo imaging, by scanning the 
embryo multiple times until complete coverage is obtained. This allows a better 




embryo. For chick embryos in the early stages of development this allows coverage of 
90-95% of the embryo surface, scanning the embryo twice at 25 frames per second. 
This maintains 3 minutes of elapsed time between 3D stacks. These 3 minutes allow 
gathering of all the cellular and tissue information occurring during the chick embryo 
live imaging, without a significant loss of information.  
Dual scan doubles the experimental data size, to approximately 1 TB per 
experiment. Through increasing the frame rate at which the images are acquired the 
embryo can be scanned three or four times. However, increasing the number of scans 
generates more data, thus increasing analysis time. In this project two scans gave a 
good compromise between data generated and information collected from beginning 
of chick embryo gastrulation to primitive streak full extension. 
 
Dual colour DSLM allows colocalisation of 2 proteins. Unfortunately, during this 
project chick embryos with two fluorophores were not imaged. The simultaneous 
observation of the role of two proteins on the embryo open the possibility to learn and 
follow in detail the action of complementary proteins or to establish the correlation 
between specific proteins. 
 
As predicted, confocal line detection enhances image contrast. The results are 
easily visible in the images collected. The implementation of this allowed tracking and 
monitoring of epiblast cells during ingression events. This enabled the investigation of 
vesicle origin, which in the first instance was found out to be a consequence of cell 
ingression. The current issue with CLDM relies on its low maximum frame rate speed of 
15 frames per second, which does not enable double scanning of the embryo, as this 





Bessel beam light-sheet illumination appears to be a very “costly” technique. 
The cost comes from its optical implementation and the process at which the images 
are submitted until relevant information can be extracted from them. Optimisation of 
the benefits of Bessel beams linked to the minimal image post-acquisition processing 
was attempted. This was possible through the combination of Bessel beams with 
CLDM, suppressing considerably the Bessel side lobes contribution to the images. 
Nevertheless, the images were not comparable to those obtained using Gaussian 
illumination beams. After deconvolving the images, the results were slightly improved, 
but still not to the level of Gaussian illumination beams. Improvements were seen at 
the penetration depth provided by Bessel beams in comparison to Gaussian beams. 
However, considering the necessity of cellular segmentation as a starting point for 
image analysis, the penetration depth improvement was not significant enough to 
justify the usage of Bessel illumination over Gaussian illumination. However, with 
depth of focus and penetration depth being prime considerations it was decided that it 
was worth spending time optimising the Bessel illumination set-up, combining it to 
CLDM and improving the image post-acquisition processing. Although, if the sample is 
relatively transparent and structurally simple, not thick and complex as is a chick 
embryo sample, the results may be significant. 
 
In terms of penetration depth Gaussian 2-photon illumination mode does not 
bring a significant improvement when compared to Gaussian 1-photon illumination. 
However, the improvement of contrast and signal detection is effective. Although, the 
implementation of 2-photon illumination with all the optical changes and 




performed since after 2/3 hours of imaging the embryo structure was damaged due to 
laser high intensity power. Gaussian 1-photon would be the mode of choice for 
imaging thick and big samples such as chick embryo as this illumination mode provides 
better compromise concerning image quality, sample preservation and degradation.    
 
According to the literature, dual illumination-detection DSLM or 2di-DSLM is a 
promising technique. With the data obtained and knowing it was acquired in a 
misaligned system, its benefit on chick embryo live imaging cannot be evaluated. The 
problem now is the system alignment, which can be solved through designing new 
arms and ensuring that all the optical parts and devices are positioned in their exact 
and correct positions. It is suggested that both arms are on the same physical platform, 
and formed from a single piece. This should ensure the best symmetry for both 
illumination-detection pathways which was practically unachievable with two 
independent arms, with mirrors slightly out of positions. 
 
Finally, it is important to note that in LSFM there is space for the 
implementation of additional techniques, improving the system due to the 
independence of the illumination and detection axes, these techniques can be 
implemented individually or combined. This makes LSFM one of the most versatile 
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A.1 DSLM: Light-sheet software and image software 
The DSLM microscope is controlled by two custom programs that run in two 
independent computers, the light-sheet software and the image acquisition software. 
The light-sheet software controls light-sheet formation and sample positioning, 
through controlling the following devices: AOTF, scanner and 3D stage. The image 
acquisition software controls the sCMOS camera and regulates the images acquisition 
workflow. The following description of the software will focusses on the 
communication and synchronisation between both software codes and computers. 
 
The scanner acts as the master device for hardware signalling. The scanner 
forms the light-sheet. The light-sheet is formed from one edge of the camera to the 
other, travelling along the 2560 pixels on the camera chip, during camera exposure. 
One complete beam scan or light-sheet formed represents one image captured. The 
image acquisition synchronisation is established between camera and scanner, to 
ensure that the images are captured and saved on the computer with correct timing.  
The scanner produces high and low transistor-transistor logic (TTL) signals during the 
galvo-mirror movements, they are named Jump and Mark respectively. During the 
slow scan of the galvo mirror to perform digital scanning of the light sheet, the TTL 




position the TTL output is high and this is referred to as Jump. The falling edge of the 
Mark TTL signal is used to trigger camera exposure and the length of the Mark signal 
determines the duration of the camera exposure. The Jump TTL signal brings the galvo-
mirrors rapidly back to their initial position, at the same time the frame is saved on the 
computer.  
  
After saving the frame the camera waits for the next trigger. When the camera is 
exposing it sends a hardware signal to the AOTF to let the laser beam travel through 
the scanner to form the light-sheet. When the camera is not exposing, the AOTF 
deviates the beam away from the scanner, thus avoiding illumination of the sample 
while the galvo-mirrors are moving back to their initial position. 
 
Note that in the image above, the Jump signal has the same duration as the Mark 
signal. In practice this is not true. Normally the Jump time back to the start position is 




of the Mark and Jump times, determining the exact frame rate. A single image capture 
workflow is shown in the image below. 
 
The number of frames to form a single 3D stack is equal to the number of light-
sheets formed by the scanner. Before starting the experiment, the number of frames 
and the precise instructions for control of the galvo mirrors are compiled and uploaded 
into the scanner control card. At the start of the experiment the software code starts 
after a software command. With the stage operating in continuous mode, the first 
light-sheet Mark TTL signal triggers the stage to start moving, covering the sample 
region of interest with constant velocity, thus ensuring that all the images are acquired 
with equal spatial and temporal distance. After acquiring all the images, the image 
acquisition software saves all the frames acquired into a single 3D stack in the 
computer. For a 20 hour image acquisition experiment around 500-600 individual 3D 
stacks are acquired.  
The synchronisation of the light-sheet and acquisition software is made through 
access of the stage height correction text file. This text file is created by the image 
acquisition software and after acquiring a complete 3D stack this file is saved and 
closed. Closing the file makes it now accessible to the light-sheet software through an 




the scanner to start a new 3D stack acquisition. The light-sheet software uses the data 
stored in the text file to convert into new coordinates for the stage to position the 
embryo surface in focus, as described in section 3.1 and in more detail in appendix A.2. 
After updating the new coordinates, the light-sheet software is ready to start a new 3D 
stack acquisition. The stage moves back to the initial position. Then to start a new 3D 
stack acquisition, the scanner sends a new trigger to the camera and the stage. This 
implies that the image acquisition software always waits for the light-sheet software to 
begin a new 3D stack acquisition. The image below shows the workflow associated 




The next diagram illustrates the workflow associated with the acquisition of individual 





The user of the light-sheet software can set the time lapse interval between 3D 
stacks. This command only works if the interval time is longer than the time it takes to 
acquire the 3D stack plus the time it takes to update the new 3D stage coordinates and 
save the data to disk. In the event the interval is shorter than the time required to 
perform one acquisition cycle, the next 3D stack acquisition starts once the new 




A.2 DSLM: Sample position compensation to maintain in focus 
As explained in section 3.1, during the 3D stack images acquisition an algorithm 
is executed to keep the embryo surface inside the focus window located at the middle 
of the image. The light-sheet focus is set to be located at the middle of the acquired 
image. In the example shown below the focus window has a range of 10-15 μm and 
ensures the best resolution and high contrast cross-section images at the embryo 
surface first layer.  
 
As outlined in appendix A.1, the DSLM microscope is controlled by two 
computers. The light-sheet software controls the light-sheet formation and sample 
positioning. The image acquisition software, controls all the images processing, 
acquisition and storage. The image acquisition software calculates and stores in a text 
file the difference, in pixels, between the position of the embryo surface and the 
middle of the frame. The position of the embryo’s surface is calculated in a central 
region consisting of 25% of the frame width centred around the middle of the frame. 




bottom and identifies the row with the highest grey value variance of light intensity. 
This row will correspond to the embryo surface top layer. The difference in pixels 
between this row and the pixel row sitting in the centre of the frame dictates the 
adjustment required to bring the sample into the focus.  
 
During a 3D stack acquisition, the text file is opened and inaccessible for the 
light-sheet software. Once the complete set of images making up the 3D stack is 
acquired the text file is closed and saved by the image acquisition software. Through 
an ethernet connection linking the two computers controlling the microscope, the text 
file becomes accessible by the light-sheet software. The light-sheet software converts 
the distances from pixels into μm and this information is used to adjust the Z axis 
position during the next scan, thus ensuring that the embryo will be in or close to focus 
during the next 3D stack acquisition.  
The height adjustment is made through an interpolation between five positions 
along the embryo. Since the embryo is uneven during development some regions of 
the surface are at different Z positions than others. To ensure all the embryo surface is 
captured an interpolation is made between the selected five positions, for adjusting 
the Z position of the embryo surface to keep it always in focus. Note that during 
development the embryo surface oscillate between ups and downs, along Z axis, as 




can be initially in a high Z position and after few hours can come to a lower Z position. 
These five positions for interpolation are defined in the XZ plane.  
 
In the plots illustrated above, the height adjustment occurring for the 3D stage 
stepping and continuous modes is shown. The coordinates are always kept the same 
for the X axis, while in the Z axis, due to embryo surface undulations, are adjusted to 
maintain the embryo surface in focus. The black dot indicates the X0 and Z0 starting 
coordinates for the first 3D stack acquired (in addition the Z0 can be adjusted). In the 
graph above, the dots mark the five positions marked along the embryo, while the 
dashed and filled lines show the stage motion. In the Z axis the black Z0, Z1, Z2, Z3 and 
Z4 and the blue dots are the height positions before height adjustment, while the red 
dots and Z0, Z1, Z2, Z3 and Z4 are the new height positions after adjustment, updated 
for the next 3D stack acquisition. The lines in green and red presented on the plots 






A.3 Bessel beam generated with an SLM 
Bessel beams can be generated through Gaussian beam modulation. Two ways 
to perform this modulation are the use of an axicon or a Spatial Light Modulator (SLM). 
In the present case a SLM is used most importantly due to its flexibility in forming 
Bessel beams with the chance of changing some of the modulation parameters which 
cannot be done with one axicon. The SLM is slightly tilted in relation to the Gaussian 
laser beam rays, between 10-20° angle, so as to not send the beam back to the source, 
thus avoiding more complex set-ups involving beam splitters.                                                             
 
The SLM is a device that contains a liquid crystal display used to modulate light. 
The SLM used in this project comprises 512*512 pixels in a chip with a dielectric 
coating, working within the 450-600 nm wavelength range. The SLM can modulate the 
light phase, intensity or both. In the present case, to generate the Bessel beam the 
SLM modulates the laser beam incident light by applying a conical phase mask to it.  
The SLM treats and outputs the incident light with two inseparable 
contributions: diffraction and resulting pixels hologram. The incident light falls on the 
2D matrix of pixels each with coordinate (𝑥,  𝑦). The SLM hologram is programmed 





With (𝑥,  𝑦) indicating the pixel position on the pixels matrix, 𝜃(𝑥,  𝑦) indicates the 
phase shift and 𝐶 is a constant offset.  
In the far field, the rays that originate the Bessel beams form a ring and the 
unmodulated light creates a bright spot in the middle of the ring. In order to separate 
the ring from the unmodulated light, a linear phase ramp is added to the hologram as 
follows, 
 
The undesired SLM diffraction orders and unmodulated light are then spatially 
separated and blocked with a pinhole as illustrated by the microscope set-up in Figure 
5.1, in section 5.1 of this document. 
 
 
 
 
